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A&JTMCT 

Research related to the detection, location, and Iden- 
tification of underground nuclear explosion devoted lo 
several major problem areas hao been completed. Effects of 
earth structure and focal mechanism on body-wave magnitude 
determinations have been investigated, and empirical relations 
between nuclear yield and Haylel^h wave magnitudes established 
for selected seismograph stations.  Calculations of crustal 
tranrmlsslon coefficients for P-waves have been extended to 
take Into account dip and the results applied to observations 
of laboratory explosion and deep earthquakes. A model for 
the triggering of earthquakes by explosions based on finite- 
strain theory has been suggested, the superposition of '»/he 
explosion-generated and trlggered-earthquake-generated P-wave 
computed for single models, and aftershocks of the Benham 
event analyzed. Methods of using P-wave and Raylelgh wave 
spectra for determining earthquake mechanisms have been de- 
veloped and applied. A small local network for detecting 
and locating low magnitude earthquakes In southeast Missouri 
has yielded good data on current local selsmlclty. 
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Magnitude, Yield, and Energy Determination. 



1. On the Problems of Determining Body-Wave Magnitude 

Otto W. Nuttll 

One of the most successful means of discriminating be- 

tween earthquakes and underground explosions compares the 

body and surface wave magnitudes of the event. This discrim- 

ination method was developed for larger magnitude events (mb 

between about 5 and 6.1,  and Is gradually being extended to 

smaller ones. 

At least two classes of problems arise when smaller 

magnitude events are considered. The first concerns the 

physics of the source mechanism.  For earthquakes of small 

magnitude the volume of the source region and the time dura- 

tion of the source become small, so that the earthquake source 

will more closely approximate an Impulse In time applied at 

a point.  For this reason the differences In seismic signals 

from earthquakes and underground explosions are expected to 

become less pronounced as their magnitudes become smaller. 

The second class of problems peculiar to small magnitude 

events results from the fact that the amplitudes of the seis- 

mic signals are smaller, so that they are recorded by perhaps 

only a few seismograph stations or arrays.  As a consequence 

certain factors which affect the amplitude of the recorded 

signal take on a new significance.  For the larger magnitude 

events these factors can to a large extent be Ignored, by 

assuming that they randomly affect the ground motion at a 



htrv.c numtt-r of i.c-lnmo/'rapf. slallons.  Although the scatter 

In ma^nltuae values from Individual stations will be large, 

the statlatl'Hl average of all su^h magnitudes appears to 

give a reasonable approximation to the actual magnitude. 

However, when data from only a few stations are available, 

the effects of crustal structure, azlmuthal-dependent radia- 

tion pattern of the source and the attenuation of wave motion 

with distance take on much more importance. 

In another paper in this report (Effect of Regional Cor- 

rection on the Value of m^), Syed offers a methodology for 

correcting for the azimuthal-dependent radiation pattern of 

the source. His procedure, which can be applied in a routine 

manner, does not require that a focal mechanism solution be 

determined for each event. Furthermore, his study enables 

him to determine which seismograph stations will receive 

anomalously small amplitude P waves from earthquakes in a 

particular geographic region because of the focal mechanism 

pattern of the region. For example, LASA will have smaller 

than average amplitude P waves from earthquakes beneath the 

Aleutian Islands, but normal or larger than average amplitude 

P waves for earthquakes beneath the Aleutian Trench. 

The effects of the crust and upper mantle structure on 

the ground motion can. In theory, be compensated by using 

the crustal transfer function. These effects Include the 

frequency-dependent constructive and destructive Interference 

of waves reflected at the crustal boundaries and/or converted 

from P to SV motion.  However, in practice, the Inverse 



problem of determining: orustal HtrucLure from observations 

of the cpuutal transfer function only has been aucceasful 

for  jng-p?rlod P waves.  Attempts ai using the short-period 

P spectral ratios for crustal struclure determinations have 

proved Inconclusive or unsatisfactory (Utsi, l^oo, and Hase- 

gawa, 1970).  This can be attributed In f'reat part to the 

fact that the maxima and minima of the crustal transfer func- 

tion, when considered as a function of earth period, are much 

more closely spaced together at periods of about 0.-3 to 2.0 

seconds than at periods of about "j to 10 seconds. 

The extent to which crustal structure can Influence the 

short-period P wave ground motion may be seen In the plot of 

the maximum A/T for the vertical component of the P motion 

produced by LON0SH0T (Lambert et al, 1970, fig. 4).  At dls- 

o      o *_ 
tances of 20 to 100 the spread in A/T values at any given 

distance is at least one and as much as two orders of magni- 

tude (differences of 10 to 100 times).  As a second example, 

the data in Table 1, which contains m. values from short- 

period PZ for two Soviet underground explosions at Kazakh, 

indicate a spread of one magnitude unit between mb values at 

the various WWSSN stations.  However, at no station does the 

difference in mb for t^e two events exceed 0.27 magnitude 

units, the average value of the absolute difference being 

only 0.12. This indicates that the variation in magnitude 

values between stations for a single event is not caused 

principally by noise or errors in reading, but rather is 

reproducible.  Such reproducibility is to be expected if the 

observed amplitudes depend strongly upon the crustal structure. 



'i'uni  ;I:K1   wn;).:-  cumM«-   ulru-lure   hiia  a   leaser modlfy- 

Inr  i-nv-v   upon  ihc   implliudc of  th«-   Incident  P wave   for 

UK-   lon,--p<rlod  WüVrj,   aa   -ompjirod  to  Lhc-  short-period  ones. 

Pir.Ji^'  1.1   '.IVC-M  th»-  A./t values of P.' for the underground 

explosion at  Novaya   .'.ernlaya  on Oct.   ^7,   1906.    The  circles 

•orreapond  to  the maximum value of A/T  In the  first  three 

cycles of the  P motion,   as obtained  from the  short-period 

WWoSN aelsmo,:rams.     "he  crosses   correspond  to the  A/T  value 

of the first  hülf-cy-le of the  P motion as  recorded by the 

lon^-perlod  WWSSN 3elsno,:rjphs.     The  solid   line  Is  the  ex- 

pected value ol   //T,   based on Gutenberg and Rlchter's   (19^6) 

magnitude   «hart,   for mt  =6.4.    Note  that  In general  there 

Is more scatter amor,*  the short-period  values than the  long- 

period onea.    There are  three anomalously large values of 

the  lon^-perlod data  between 6:;    and 70   .    These anomalous 

amplitudes,  which are from stations on islands In the western 

Pacific,  will  be discussed later. 

Similar examples can be given for LAS*',  with large 

variations  in short-period P wave amplitude across the array 

(Broome et al,   1967.   fig.  A-l) but practically no variations 

in long-period P wave amplitudes across  the array (Syed,   1969). 

Ben-Menahem,et a_l  (1965,  fig.  9) gave the impulse re- 

sponse of a  long-period,   vertical component seismograph system 

(Ts « 30 sec,  Tg «  100 sec.) to an incident P wave for a half- 

space model and five models Including a  layered crust over a 

ha If-space.    The crustal models include extreme types,  such 

as  thin oceanic and thick mountainous ones.    For these two 
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extreme models  the P wave   rir&i   hall' ampll'-ude  was   l.r) to 

2 times   larger lhan thai  of  Lhc-  half-apaoc   (O.J  to 0.-; of an 

order of magnitude)  whereaü   fo:-  it\>; oihcr  three  models  the 

amplitudes  were almost,   Un-  : anif  ;i;-   Vur ihc  ha^f-space.    This 

figure  not  only helpn  to explair.  ih-'  t-dr-'c  ünomalously large 

amplitudes  of P  for the  Novaya   .'einly;.  ev» at  ;<.v   recorded at 

the  Island  stations at  dlatan-'ec  of 'r,    10 70   ,   but  also 

serves  to explain why  the  scatter of /'/T  values  of  long-period 

P waves  is  relatively amall. 

BJne,   et^ a_l   (1970)  note  that m,   values  of earthquakes as 

determined  by the U.S.C.G.S.   are  consistently smaller than 

those determined  by the  selsmolonlcal  stations  of  the U.S.S.R. 

The differences are sometimes  as  larcx- as  0.7 magnitude unit. 

They believe  the discrepancies  are  caased  by differences  in 

the frequency response of the seismograph systems,   the U.S.C.G.S 

values being based upon data  from peaked short-period systems. 

All  the reasons mentioned above argue  for m,   determii.a- 

tlons based upon A/T values of the first  half-cycle of the 

long-period P wave motion.     At present this  Is only oractical 

for earthquakes or explosions with m^ > 6.0,   because the P 

waves of smaller magnitude events as recorded by WWSSN seis- 

mographs   (most with a peak magnification of  1300 or 3000) are 

too small  to be seen on the seismograms.     However,   the new 

high-gain,  long-period seismographs (Pomeroy et al,   1969) 

which can be operated at peak magnifications of several hun- 

dred thousand should allow P waves to be detected at tele- 

selsmlc distances for n^, * ^•0- 



Ii   lü   j-i   on.f-1 :>(U'd   "-fuil,   tohi'Mever pottdlblv,   i»ody  >ftr. • 

mii^nliuclr   vti .. ;.   to  df'-ftinlned   .''»'om   If•-,•-period  no  «füll  J8 

uhorl-pt?rlc1  P »..ivr d.'iva.    The  lon^.-perlod miiKnlluJ« mlf.hl 

tc  -'ailed fflij,   t.u dlMlrt^ultth 11  from ihv tthon-perlod mugtil- 

ludt*.     A  eel 01* al.'itloiics should be  üccunulatod,   relating 

nig to M. ärvd Jlao coiaporlrv: the standard deviation of mg to 

that of nib.     It   lu expected  that  the mB-Mt. relation will 

not show ouch J «tronr  regional dependence as has been round 

for the 115-M3 re lull on.     Furthermore.   It  is expected  that 

the standard deviation of mB will  be  less  than that  of inb. 

In magnitude determinations the «ilTect of attenuation 

on the  P wave amplitude appears  in  the  Q te^m,  where 

mb -  Q(A #h) + lo« AA 

and A is epicentral distance, h focal depth, fi  the amplitude 

of the ground motion and T its period. All seismologists, 

except those in eastern Europe and the Soviet Union, presently 

use the Q values given by Gutenberg and Richter (1936) for 

teleseismic distances. For smaller distances Evernden (1967) 

has shown that lateral variations in crust and upper mantle 

structure are large enough so that different Q functions are 

required for different geographic regions at distances less 

than about 2500 Km. Soviet seismologists use the Q function 

of Vanek et al (1962) for their mb determinations. Recently 

Duda (1970) has presented a new set of Q( A ,h) values for P 

waves, based on the assumption that the P wave attenuation 

is caused only by geometrical spreading (effects of anelas- 

tlcity are negligible) and utilizing the 1968 P Travel-Time 

Tables of Herrin et al (196Ö). 



Pig. l.r comparea A/T valueu of the vertical component 

of P for an event with mb - 6.4, usiu,:  the Outenberg-Rlchter, 

Vanek et al and Duda q  functions, as well as a fourth de- 

rived from the Jeffreys-Bullen travel-time tables.  All the 

curves were made to coincide at 60°. The greatest differ- 

ences between the curves occur from about 2lj  to 45 , where 

they can be as large as the equivalent of O.^ magnitude unit. 

Between 45 and 95 the differences are smaller, never exceed- 

ing 0.3 magnitude unit and more commonly about 0.1 unit. 

If sufficient data are available over a large range of 

eplcentral distances, all four calibration functions will 

give approximately the same magnitude for a given event. 

However, if only a few amplitude data are available and par- 

ticularly if they are at distances less than 45 , then the 

choice of the calibration function will have a greater effect 

on the computed body-wave magnitude. The question thus 

arises:  Which of the various magnitude calibration functions 

is closest to the one that applies to the real Earth? 

Gutenberg and Richter's Q function is based on theoreti- 

cal calculations using their travel-time tables, the calcu- 

lated values then being modified to conform better to actual 

amplitude data. There is a very large amount of scatter 

present in the amplitude data they used (see, for example, 

Gutenberg, 1958, fig. 1), so much so that the existence of 

the majority of maxima and minima in the curve seems ques- 

tionable. The amplitude data also scatter widely about the 

Q curve of Vanek et al (Bune et al, 1970, fig. 7). These 
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authors, however, elected to construct a more smooth, mono- 

tonlcally decreasing amplitude-distance curve; an exception 

to this statement is a shallow minimum in the curve between 

63 and 70 . The amplitude-distance curves calculated from 

the smoothed Jeffreys-Bullen and the Herrin et al tables 

(Duda, 1970) also are generally monotonlcally decreasing 

functions of distance; exceptions occur where there is a 

greater than average curvature of the travel-time curve (large 

amplitude) or a lesser than average curvature (small ampli- 

tude ). 

Nuclear explosions, with their almost symmetrical P 

wave radiation pattern, have been recognized to be a valu- 

able source of data for Improving the Q function or the 

amplitude-distance curve. Carpenter et al (1967) and Kalla 

(1970) constructed such curves using A/T values of short- 

period PZ waves from large underground explosions. In gen- 

eral the scatter in their data is large, which can best be 

seen by comparing the two radically different amplitude- 

distance  irves which they derived as best fitting the data. 

To avoid the problem of scatter which appears to be 

Inherent when using short-period amplitude data, we have 

measured A/T values of PZ recorded by long-period WWSSN 

seismographs for underground explosions at Novaya Zemlya 

(Oct. 21,   1966), Nevada (GREELEY, Dec. 20, 1966 and BOXCAR, 

Apr. 26, 1968) and Amchltka (MILROW, Oct 2, 1969). Pig. 1.3 

presents the data. In It the MILROW values have been scaled 

down by 0.5 magnitude unit to make them comparable to the 
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values for the other three explosions, all of which are 

taken to have a body-wave magnitude of 6.4. The bigger 

A/T values of MILROW are caused not only by larger ampli- 

tudes, but also by shorter periods. Crosses, circles and 

triangles serve to distinguish data from Novaya Zemlya, 

Nevada and Amchitka, respectively. Small symbols indicate 

less reliable values, resulting either from the presence 

of microseismic noise or the fact that the trace amplitude 

of PZ was less than 0.8 mm. Five data points with anoma- 

lously large A/T values have been omitted from the figure. 

Two curves are included, the one the Gutenberg-Rlchter for 

m^j = 6.4, the other a curve drawn more or less intuitively 

as a "by eye" fit to the data. Differences between the 

two curves are greatest from 40° to 70 , where they are 

as large as 0.4 magnitude unit. 

Both amplitude curves of Fig. 1.3 are empirical ones 

which have been constructed in a rather arbitrary manner. 

To this point in the discussion they have not yet been 

subjected to the constraints imposed upon them by the 

travel-time curve. 

For an event with zero focal depth, the amplitude A 

beneath the station is 

A = C \Udi/dA |tan i/sinIT 

where C Is a constant, i is the angle of Incidence at the 

focus and L the eplcentral distance. The earth model is 

assumed to be spherically symmetric and the effects, if any, 
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of anelastlclty are Ignored. The amplitude Ag of the verti- 

cal component of the surface P motion is related to A by 

7L. = A cos T 

where i is the apparent angle of incidence at the station. 

Nuttli (1964) experimentally determined the relation of T 

to ^ for P waves of various periods. 

The slope of the travel-time curve, dT/dA >   for a sur- 

face focus is 

dT/d/^ = r sin l/v 

where r is the radius of the earth model, v the velocity and 

1 the angle of incidence at the surface. 

The three equations above provide implicit relations 

between the dependent variables "R^, 1, dT/dÄ and the inde- 

pendent variable A . Because the dT/dA va A relation for P 

waves is known with a high degree of accuracy, the 1 vs A and 

"Ry  v8 Ä relations are severely constrained.  For example, it 

was found by calculations based on the above equations that 

the amplitudes of both empirical curves of Pig. 1.3 are too 

large between about 35° and 45 .  As drawn they would imply 

errors of up to five or more seconds In the travel-time curve 

at those distances, which is obviously not acceptable. 

Detailed calculations show that rruch of the "topography," 

that Is, the existence of pronounced maxima and minima In 

the amplitude-distance curves of Pig. 1,3* Is not compatible 

with the Jeffreys-Bullen or the Herrin et al P tables. Prom 

this it follows that the Outenberg-Rlchter magnitude calibration 
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function for zero focal depth Is Inconsistent with observed 

travel times. 

A trial and error method was used to calculate an ampli- 

tude-distance curve which satisfied the travel-time tables 

(maximum permissible difference of one second) and, as well 

as possible, the amplitude data of Pig. 1.3.  Prom this curve 

a Q magnitude calibration function was calculated and tabulated. 

Its values are given In Table 2. 

Pig. 1.4 compares the new Q function with those of Guten- 

berg and Richter and of Duda. In general It agrees well with 

Duda's, their separation being everywhere less than or equal 

to 0.1 magnitude unit except from 27° to 28 , where It Is 

about 0.2 unit. Differences between the new Q function and 

that of Gutenberg and Richter are larger, being as big as 

0.2 magnitude unit from 37° to 44°, 47° to 48° and 62° to 

/■ o 
69 .  The general shape of the new Q curve, or the related 

A/T curve, conforms with Duda's assumption that the effects 

of anelastlclty are small compared to those of geometrical 

spreading. 

Table 3 gives magnitudes of four underground explosions, 

using the amplitudes of PZ recorded by long-period WWSSN 

seismographs. Magnitudes were calculated using the new Q 

function and that of Gutenberg and Richter.  Por three of 

the four events the body-wave magnitude calculated using the 

new Q function has a slightly smaller standard deviation. 

Por the fourth event, BOXCAR, the standard deviations are 

the same. 
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Table 4 compares magnitudes of two Aleutian earthquakes, 

using amplitude data of Syed (personal communication) which 

have been corrected for focal mechanism.  Average magnitudes 

and their standard deviations are given, for magnitudes cal- 

culated using the new Q function as well as those of Duda and 

of Gutenberg and Richter.  From the table it can be seen 

that the average magnitudes and standard deviations obtained 

using the Duda and new Q functions are the same, and they 

differ only slightly from those based on the Outenberg-Richter 

Q function. 

Summary 

The purposes of this paper are to examine the factors 

which cause problems in body-wave magnitude determination, to 

assess their relative importance and, if possible, to suggest 

means of reducing the errors in such evaluations. 

Three principal factors which can cause such problems 

are the azimuth-dependent radiation pattern of the earthquake 

source, the effects of crust and upper mantle structure at 

the station and an inexact knowledge of the magnitude cali- 

bration function. 

The new magnitude calibration function which has been 

developed in this study differs so little from that of Duda 

(1970) that the two may be considered to be the same. They 

are believed to be an improvement over the Outenberg-Richter 

(1956) function because they are more consistent with observed 

travel times. The latter function will underestimate m^ by 

about 0.2 magnitude unit between 37 and 44 and overestimate 

it by about the same amount between 62 and 69 . Otherwise 
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the three calibration functions will give almost the same 

value of m^. 

Ignoring the effects of the focal mechanism of earth- 

quakes can lead to discrepancies as much as 0.5 magnitude 

unit at particular stations, depending upon the radiation 

pattern. However, Syed has developed a straightforward 

method for taking account of this   phenomenon which Is readily 

adaptable to routine calculations, so that this problem can 

be said to be nearly solved. 

The biggest source of error in m^ determination Is the 

effect of the crust and upper mantle structure at the station. 

Per short-period P waves It can cause errors of as large as 

one magnitude unit at particular stations. Unfortunately the 

station correction is a complicated function of eplcentral 

distance, the frequency content of the incident wave, the 

geological structure at the station and the azimuth of wave 

approach If there Is lateral heterogeneity In geological 

structure near the station. Probebly the only way of arriv- 

ing at station corrections for short-period data is on a 

statistical basis, which is a formidable task. However, the 

use of long-period P data would avoid many of these diffi- 

culties. For such data the largest error to be expected at 

a particular station because of crustal structure is only 

about 0.3 magnitude unit. Furthermore, because the effect 

of the crust and upper mantle structure on the amplitude of 

long-period P waves requires but a coarse knowledge of the 

structure, simple calculations can be made to estimate this 

effect at Individual stations. 
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By using the first half-amplitude of long-period P, after 

correcting it for crustal structure and focal mechanism, 

better estimates of body-wave magnitude can be expected. It 

seems likely that the standard deviation of m_ can be made as 

small as 0.2 and possibly 0.1 magnitude unit. 
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Table 1.  KAZAKH EXPLOSIONS 

STA. 
mb 

Jan.15, 1965   March 20, 1966 l-bl 
AAM 86.9 6.13 5.86 0.27 

ALQ 95.7 5.67 5.64 0.03 

ATL 95.7 5.96 5.88 0.08 

BEC 92.0 - 5.77 - 

BKS 9C.9 5.85 6.06 0.21 

BLA 91.3 5.71 5.77 0.06 

BOZ 0^.6 5.99 6.17 0.18 

CMC 62.3 6.04 6.19 0.15 

COL 60.1 6.52 6.33 0.14 

COR 84.3 6.51 « - 

DAL 97.6 6.33 - - 

DUG 90.3 - 5.92 - 

PLO 91.5 5.72 5.57 0.15 

ODH 56.0 - 5.98 - 

OEO 89.O 6.02 5.76 0.26 

OOL 91.0 5.87 5.89 0.02 

OSC 94.7 6.02 5.88 0.14 

JCT 100.1 - 5.59 - 

LON 82.4 - 6.07 - 

LUB 97.1 - 6.16 - 

MDS 86.6 6.20 6.22 0.02 

MNN 85.4 5.98 - . 

OGD 86.4 5.71 - - 

OKF 95.6 6.20 6.23 0.03 

RCD 86.7 5.98 6.09 0.11 

SCP 87.3 - 5.81 „ 

TUC 98.0 5.59 5.48 0.11 

Average 6.00 + 0.26 5.93 ± 0 .24 0.12 
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Table 2. Q Values for PZ 

A Q A Q 

20 6.21 46 6.67 

21 6..r3 49 6.69 

22 6.26 50 6.71 

23 6.2Ö 51 6.75 

24 6.32 52 6.78 

25 6.37 53 6.80 

26 6.44 54 6.82 

27 6.63 55 6.79 

28 6.76 56 6.76 

29 6.78 57 6.74 

30 6.77 ^8 6.72 

31 6.72 59 6.73 

32 6.71 60 6.75 

33 C.71 61 6.76 

34 6.71 62 6.78 

33 6.71 63 6.79 

36 6.71 64 6.81 

37 6.63 65 6.83 

38 6.65 66 6.85 

39 6.65 67 6.85 

40 6.65 68 6.83 

41 6.65 69 6.81 

42 6.65 70 6.80 

43 6.65 71 6.81 

44 6.65 72 6.83 

45 6.65 73 6.85 

46 6.65 74 6.86 

47 6.65 75 6.86 

A Q 

76 6.86 

77 6.86 

78 6.86 

79 6.86 

60 6.87 

81 6.87 

82 6.88 

83 6.89 

84 6.90 

85 6.91 

86 6.92 

87 6.92 

88 6.93 

89 6.94 

90 6.97 

91 7.01 

92 7.06 

93 7.11 

94 7.15 

95 7.20 

96 7.24 

97 7.29 

98 7.34 

99 7.38 

100 7.^3 
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Table 3. rnB from Long-Period PZ (Explosions) 

"'S      "B of 
Location Date      New Q  Gut-Rich.Q Sta 

Novaya Zemlya Oct. 27,1966 6.44+0.19 6.49+0.23 46 

Nevada (OREELEY) Dec. 20,1966 6.33+0.19 6.3Ö+0.23 29 

Nevada (BOXCAR) Apr. 28,1968 6.32+0.26 6.35+0.26 28 

AmchltkaiMILROW) Oct. 2,1969  6.87+0.20 6.94+0.27 14 
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2. Effect of Regional Correction on the Value of m. . 
Atlq Syed 

Discrepancies In magnitude determination are known to 

result In part from the effect of the earthquake radiation 

pattern on the recorded wave amplitudes.    The purpose of the 

study reported here Is to obtain a quantitative estimate of 

the effect of the radiation pattern on P wave amplitudes and 

to develop a methodology for Improving body wave magnitude 

determinations.    The results of the study may also be used 

as an auxiliary discriminant between earthquakes and explo- 

sions. 

Correction for Mechanism 

The P wave displacement at the surface of a focal sphere 

of radius R for a double couple point source is given by the 

expression » 

If    for a given earthquake the observed P wave amplitudes 

are divided by the product 2xy the P amplitudes will be 

corrected relative to the maximum value of the P wave radia- 

tion.    For magnitude calculations in keeping with the assump- 

tions made in the definition of magnitude,  a further normal- 

ization is required,  a reduction of the P wave amplitude to 

the average value of the displacement of P over the surface 
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of the focal sphere. This average amplitude Is obtained 

froa the relation 

/zyyJIS 
ji%     = 0™ 

SV 

'may. up ^ 0.4Z4(wp\ 

Thus, the total reduction of P wave amplitudes to take Into 

account Includes first the application of the 2xy factor and 

second multiplication by 0.424 to equate the P wave radiation 

from a double couple to that from a spherically symmetric 

source of the same strength. 

It has long been observed that earthquake foci located 

In a given region tend to have similar orientations of the 

focal mechanism. This observation Is In keeping with the 

theory of plate tectonics. Plate tectonics, In turn, provides 

a basis for prediction of the dominant focal mechanism. On 

the hypothesis that characteristic foci do exist for given 

hypocentral regions, P wave amplitudes can be corrected for 

the source mechanism and thereby magnitude estimates can be 

obtained which have smaller standard errors. 

A procedure for applying the source mechanism correction 

Is as follows: 

1. Given the source parameters for a typical earthquake 

In a particular hypocentral region, compute the 2xy factor 

for all seismograph stations. 

2. On the basis of this factor, predict which stations 

will record relatively large P wave amplitudes for earthquakes 

for the region In question, and which relatively small. 
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3. Selec*. 

best suited :'- 

that region. 

night be 

a) st_.' 

-  ä^niitudes are 

-.irvnquakes from 

^r  clon cf  stations 

-;..icentral distance 

b) Th- i  be greater than the 

lt'   ra:_.-, 

The latter criterion insures that the P wave amplitude be 

relatively large, but al^o that ymall differences between the 

actual source mecha:.:.;.. a.-.c t..f a/eragt ^r 

mechanism of the region will hv-e -.'.-:-a;. 

duced amplitudes. 

k    He ._■ ::-. 1:   ly ■.:.   ?       v- , 

the norr^.lr'.       - n    .     '..  1 

naracterlstlc 

':"ec>; on the re- 

/ _arger than 

~b, the magni- 

tude determiadc .^ns will be too iarr:e 

correct for 

value the r.i.-.t 

age value of ..«. 

It is possible to 

'err. the initial m^, t i»6 • . A f c t by aL. .. ura : i... is^ 

: '.^ (..'"xy''.424), '.'here 2 ~ y -S the aver- 

rll atatior.s with £xy greater than 0.424. 

There is a constant correction to be applied to all earth- 

quakes In any particular geographic group.  It la called the 

regional correction factor.  In practice values of this 

correction in the regl:ns studied thus far are found to vary 

from 0.1 to 0.2'}  of a magnitud- unit. 

5. If italrablf-, instead of the required correction an 

individual mecnanlsra correction may be applied by subtracting 

the quantity lo^ (2;:y/.42:4) determined at each station. This 
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correction Is applicable even to stations at which 2xy -<.424, 

provided the 2xy factors be not too small. That Is, stations 

very near nodal lines should always be excluded. 

Application 

In order to test this suggestion and to exemplify the 

order of magnitude of the corrections involved, earthquakes 

from two regions have been studied: earthquakes of the 

Aleutian Islands, and ones of the North Atlantic. Earth- 

quakes of the Aleutian Islands (Figure 21) divide into three 

groups on the basis of their source mechanism as determined 

by Stauder (1966a,b). Similarly those of the Atlantic divide 

into two groups (Sykes, 1967). For each group we can calcu- 

late the average or dominant source mechanism, and then apply 

the various corrections indicated above. 

1. Earthquake of March 30, 1965. 

This earthquake belongs to group 3b of the Aleutian 

Island earthquakes. This group consists of earthquakes 

which occur along a narrow line immediately below the axis 

of the Aleutian trench or under the seaward slope of the 

trench. Foci of this group are uniformly extensions1 In 

character, with the axis of tension aligned normal to the 

local axis of the trench. The average focal mechanism for 

earthquakes In this group Is characterized by two nodal 

planes dipping about 40o-50o. 

FOr JDfc determinations the amplitudes and periods of 

the first half-cycle of the vertical component long period 
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P waves were the basic data. The 2;c" '.   -v a.;e •determined 

and listed In Table 1 alorv vrlii. i'-.      . :2 d-:2r^xned the 

ordinary way (m^ uncc:rec    .. .  :.    ...a', for small 

2xy factors the mD valuer :,: : _ \.^-.-  '::.^r.  ^or the larger 

2xy factors. The a'.ers^-: ...-; :;r~-•.-. :.-  i.-,i-.J.vUde using the 

data of all 37 statlcni '.; "2? - :  .  'Jae average mb value 

for all stations wl  2x7 ^ :.■■•■  :  7.3 ^ 0.15. The aver- 

age value for stations with 2xy .- C -t24 is 7.03 + 0.17. 

Applying the regional focal inecrianlsra correction for all 

stations with 2xy > 0.424, mb = 7.12 ^ O.15.  Finally, cor- 

recting for Indlvxäual station focal mechrnlsm corrections 

we obtain for all stations mb «= 7.13 1 Cl*.. Thase results 

are nummarlzed In Table 2. 

It Is noteworthy -ha: using c-. lior.s  with 2xy > 0.24 

and apply.!*/, the ccr.sts:: r^,;ic     rre^tion, the mfc value 

Is very close to that "rom .'11 the c,nations using the Indi- 

vidual mech&nlsm correctio'-...<. Th.is y:u'd seem to Justify 

using for magnitude determinations only those stations for 

which 2xy  > > C.^^~,.    0 ia may, in fact. In this way define 

zones on the earth's o^rface, Identifying stations (solid 

circles ir. i"lgure 2.2) favorable for mfc determinations, and 

others (crosses in the figure) to be avoided in magnitude 

determlnationc. 

2. Earthquake of November 22, 1965. 

This earthquake belongs to group 1 of the Aleutian 

Island earthquakes . This group consists of foci on the 

concave side of the Island arc, in the zone immediately 



south of and under the Island chain. Focal rnechanlsm sta- 

tions in this group have one steeply dipping nodal plane, 

with the other nodal plane nearly horizontal.  Many stations 

in this case are close to the nodal plane.  Consequently the 

number of stations suitable for P wave magnitude determina- 

tion was much smaller than In group 3b. The average uncor- 

rected magnitude using the data of all 19 stations is 

6.20 + 0.24. The average mb for all stations with xy larger 

than 0.424 corrected for the regional effect is 5.99 + 0.22. 

The average m^ of all stations whose amplitudes have been 

corrected for the source mechanism is 6.00 + 0.26. 

3. Earthquake of August 3, 1963. 

This earthquake belongs to group 1 of the North 

Atlantic earthquakes. The events in this group are located 

on the equatorial fracture zone of the mid-Atlantic ridge. 

The mechanism of these earthquakes correspond to two near 

vertical nodal planes.  Consequently, the 2xy factors calcu- 

lated for a typical earthquake in this group at all the sta- 

tions at a distance of 23-100 degrees are smaller than 0.424, 

which is the normalizing factor. Consequently it is not 

possible to satisfy the second criterion in selecting the 

stations suitable for P wave magnitude determination. Depart- 

ing from this criterion, we have selected those stations 

whose 2xy factors calculated for the average focal mechanism 

solution are larger than 0.2 and established the appropriate 

regional corrections. Since the uncorrected P wave magni- 

tudes using the data from these stations will be too low. 



the regional correction has to be added to the average mag- 

nitude value. The results of the mb calculation for this 

earthquake show that the average uncorrected magnitude using 

the data of all 31 stations is 6.51 + 0.29. The average m^ 

for 15 stations whose 2xy factors are larger than 0.2 cor- 

rected for the regional effect Is 6.67 + 0.20, the average 

m^ for the same stations whose amplitudes have been corrected 

for the source mechanism is 6.73 + 0.18. 

Conclusions 

Prom this study it can be concluded that a significant 

part of the scatter In the determination of earthquake magni- 

tudes is due to the effect of the earthquake radiation 

pattern on the recorded P wave amplitudes. The correction 

for the focal mechanism becomes more important when the 

focal mechanism solution is one in which one or both nodal 

planes are steeply dipping. In these cases the average mag- 

nitude determined by using the uncorrected P wave amplitude 

data may be in error by as much as a quarter of a magnitude 

unit. 

Since the observational data here examined have shown 

that the average mb for stations with smaller 2xy factors 

is significantly smaller than the average m^  for stations 

with larger 2xy factors, there exists a possibility of com- 

paring the values of uncorrected m^ from these two sets of 

stations in a region where the average focal mechanism 

solution is known to differentiate between the earthquakes 
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and explosions. The radiation pattern due to the explosive 

source being azlrnuthally uniform, the tvo sets of m^ values 

should be Identical for explosion and different for the 

earthquake. 
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Table 1. Earthquake of March 30, I965. 

Sta. Dlst. 2xy m^uncorr) m^corr) 

LON 39.0 0.250 6.88 7.11 

CMC 36.2 0.256 6.89 7.11 

KIP 3^.7 0.278 7.03 7.21 

DUO 48.1 0.322 7.02 7.14 

QUA 45.6 0.322 6.79 6.91 

RCD 51.5 0.338 7.08 7.18 

OSC 49.8 0.346 7.06 7.15 

OOL 52.9 0.352 7.14 7.22 

RAB 58.9 0.356 7.09 7.16 

HNR 61.8 O.36O 7.30 7.37 

TUC 54.4 0.382 6.93 6.97 

LUB 59.0 0.422 6.88 6.88 

MDS 59.4 0.424 7.37 7.37 

PLO 62.2 0.448 7.34 7.32 

A AM 63.4 0.466 7.25 7.21 

SHA 69.3 0.506 7.57 7.49 

WES 69.5 0.532 7.05 6.95 

RIV 87.3 0.594 7.50 7.35 

TAU 96.9 0.624 7.23 7.06 

KTO 58.4 O.636 7.57 7.39 

ADE 91.9 0.638 7.42 7.25 

BHP 91.0 0.642 7.35 7.17 

QUI 98.8 0.646 7.17 6.99 



Table 1.   (cont'd) 

3ta. Dlst. 2xy m^uncorr) flib(corr) 

CAR 97.3 0,664 7.20 7.00 

TRN 100.3 0.672 7.13 6.93 

VAL 77.6 0.67^ 7.33 7.07 

MUN 98.6 0.714 7.40 7.18 

HKC 56.5 0.744 7.25 7.01 

KEV 58.1 0.780 7.43 7.16 

KON 69.7 0.804 7.26 6.99 

PTO 88.5 0.826 7.26 6.97 

COP 73.4 0.834 7.28 '   6.99 

TOL 89.9 0.844 7.52 7.22 

MAL 93.0 O.85G 7.17 6.87 

STU 80.5 O.656 7.26 6.96 

KOD 88.7 0.952 7.61 7.26 

JER 91.6 O.966 7.51 7.15 
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Table 2. Average mb values, March 30, 1965. 

Uncorrected 

All stations (n - 37) "b " 7-34 + 0.21 

For 2xy < 0.42 (n = 13) mb - 7.03 + 0.17 

For 2xy > 0.42 (n - 24) rob - 7-34 + 0.15 

Corrected 

Regional corr. (n - 24) mb - 7.12 + 0.15 

Individual mech. corr. (n - 37) nib - 7.13 + 0.16 
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Table 3. August 3, 1963 Earthquake 

Sta. Dlst. 2;cy .TioV'uncorr) .in^(corr) 

NAI 36.5 0,030 6.42 7.56 

BOO 38.2 0,0:5 5.50 6.57 

KON 62.1 0.060 6.^6 7.60 

NUR 69.I 0.062 6.73 7.56 

BUL 69.1 0.068 6.41 7.20 

VAL 48.8 0.072 6.73 7.50 

AAE 73.7 0.074 6.75 7.51 

PRE 70.5 0.084 6.52 7.22 

CAR 30.9 0.104 6.05 6.66 

QUI 43.3 0.111 6.41 6.99 

WIN 59.9 0.124 6.60 7.33 

TRN 2bA 0.128 6.38 6.90 

1ST 66.0 0.154 6.75 7.19 

ATU 61.4 0.180 6.93 7.30 

BKS 82.5 0.194 6.17 6.51 

OSC 78.4 0.198 6.32 6.66 

TUG 73.3 0.212 6.33 6.63 

LON 81.7 0.214 6.16 6.46 

TOL 42.8 0.226 6.65 6.92 

DUO 75.2 0.2j4 6.34 6.60 

ALQ 69.8 0.242 6.53 6.77 

MAL 40.6 0.252 6.70 6.92 

OOL 69.4 0.260 6.45 6.66 
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Table 3.   (Cont'd) 

Sta. Dlst 2xy inb(uncorr) mto(co; 

LPA ^7.3 0.266 6.97 7.17 

NNA ^5.3 0.268 6.61 6.81 

ROD 68.5 0.276 6.39 6.58 

SHA 53.9 0.312 6.70 6.83 

FLO 57.9 0.322 6.45 6.55 

A AN 54.4 0.366 6.61 6.57 

OEO 48.4 0.398 6.67 6.69 

SCP 49.8 0.398 6.69 6.72 
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Table 4. November 22,  1965 Earthquake 

Sta. Dlst. 2xy iDb(uncorr) iDb(corr) 

PMO 66.8 0.124 5.94 6.47 

CTA 77.0 0.130 5.83 6.34 

MAN 59.2 0.608 6.50 6.35 

BAG 58.2 0.628 6.23 6.06 

HKC 57.7 0.730 6.15 5.92 

TOL 89.O 0.788 5.85 5.58 

CHO 69.8 0.798 6.00 5.72 

KOD 89.6 0.8l6 6.51  ' 6.22 

HOW 73.5 O.858 6.38 6.08 

POO 85.2 0.860 6.45 6.15 

KON 69.O 0.862 5.98 5.67 

SHL 69.I 0.862 6.11 5.80 

JER 91.5 0.886 6.14 5.82 

1ST 84.5 0.890 6.05 5.73 

SHI 86.9 0.904 6.49 6.16 

NDI 75.3 0.904 6.28 5.95 

QUE 79.6 0.914 6.16 5.83 

TAB 82.0 O.916 6.17 5.84 

LAH 74.7 0,920 6.63 6.30 
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Earthquake of November 22, 1965 

Av. mb (uncorr) » 6.20 + 0.24 n - 19 

Av. nib (uncorr) for 2xy>. 0.42 - 6.24 + 0.22 n « 17 

Av. mb (corr for regional effect)for 

2xy >0.42 - 5-99 + 0.22 r - 17 

Av. nib (corr for focal mech) -6.00 + 0.26 n - 19 

Earthquake of August 3, 1963 

Av. mb (uncorr) » 6.51 + 0.29 n - 31 

Av. mb (uncorr) for 2xy> 0.20 » 6.55 + 0.20 n - 15 

Av. njb (corr for regional effect) for 

2xy > 0.20 - 6.67 + 0.20 n - 15 

Av. mb (corr for focal mech) for 

2xy >0.20 - 6.73 + 0.18 n - 15 
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Titles to Figures 

Figure I.  Earthquakes of Aleutian Island region divided 

Into three groups: 1) earthquakes under the 

Islands, western portion of arc, 2) earth- 

quakes under the Islands, eastern portion of 

arc, 3a,b) earthquakes with foci under the 

trench. 

Figure 2. Map Indicating stations unfavorable (x) and 

favorable (t) for determination of n^ for 

Aleutian Island earthquakes of group 3a. 

Figure 3.  Map Indicating stations unfavorable (x) and 

favorable (f) for determining m^, for Aleutian 

Island earthquakes of group 1. 
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I.     Nu-Kar Ylcidö Vrom  Raylel^h Waves 

Donald E.   Wagner 

InLroduoLlon 

our-fa e wavea are a function of the depth of burst, 

the lime history of the event, and the wave guide through 

whl'h they propagate.  Kor nuclear explosions the depths 

vary only between C-l kilometer while the time history Is 

assumed constant.  Therefore, the wave guide Is left as 

the fcutor controlling the observed Kayleigh wave signature 

at a f-.lven station.  Furthermore, unlike body waves, which 

are affected considerably by the source medium, Raylelgh waves 

are a function of the average velocity and density In a layer 

or wave ^uide.  Thus, they are much less susceptible to In- 

homogeneitles or velocity ccr.trasts both at the shot point 

and along the path.  The distinct similarity of nuclear events 

at a station (see for example Pig. 2,  Shurbet, 1969) en- 

couraged the autnor to attempt a prediction of yield based 

on Raylelgh wave amplitudes. 

In a recent release (Hl^jlns, 1970), several nuclear 

explosions were declassified, offering a list of known-yield 

events observable at continental WWSSN stations. The follow- 

ing study applies a revised (Nuttli, 1970) surface wave 

magnitude formula based on maximum ratios of A/T from Ray- 

lelgh waves at all stations to develop a yield versus M_ 

(average) master curve for seven known energies.  In a 



further attempt to reduce dissimilarities owing to dllTerent 

wave guides, maxl.Ti;rr. ;,/? :\.- l,:.s were plotted as a function 

of yield at el^nt b.._::-i' r. .\:LC::J> .     All In all, nine master 

curves were plotted fro.r. w.-.l.'ii eleven unKnown yields were 

predicted. 

I'rcK edu:v' 

The  Richter  '..rdi-v wavt,   lorru],!  !<    =  ^. 1  +   lo^   (/1A,,(-,) 

+ 1.66  log   ( &]   w^£   I'ou.'i-i   ',0  ari^^   quite  well   with  M1     = 

2.^ +  lo<    (AA4_i2 ' ^  lo''   (^ ) •     Moreover,   the  1.6b 

value was  verified by .redsurlrv;  the slope of  (A/T),. ,     versus 

/li (log-log)  for elt,;.-cen dliferent,  events.     No attempt was 

made  to measure  the sare  period  wavelet at different  stations. 

The resulting  spread  In periods  rnnred  from   J-IP  seconds  tut 

remained  relatively „^.-.stünt m a  ,,iven station  for all 

events.     Next,   average  sur.'ace  wave  ;nd,;;iliudes  were  c   .   .,- 

lated using M'g fror.   .valUtle       :i     .eriui   .V^SN stations 

(Table l).     A master . .   .».   w-.'   .; iv... a  ^.ig known yields ver- 

sus M'     (avg)   (Pigux .v.i   .,,   r/r[)„a„  ratios  versus 

known y'< Id were plotted   for el/jh.t   si.itlonr>   (Figures   3.^   - 

3.10).     Prom  the resulting  nine  master   curves,   eleven unKnown 

yields  were  predicted and   taoulated   In Table  <: 

Jone luslon;; 

A revised surface wave formula appears to be borne out 

by experimental data when resu. is are based on maximum A/T 
v 

ratios.     Using  these ratios,   the  yl.'ldi;  of eleven  Nevada 

Test Site nuclear events  were  prodl'tei.     The  results   In 

Table 2  indicate that  the events   hUX>w <    i'IL:-, DHIVhR,   DURYn/, 

CHARTREUSE,   and SCOTCH are  predicted  wiinln  the  error bounds 



of oil" Lilandard de via Lion.  However, HALPbEAK Is overestimated 

while GHhKLr;i ii\  undti-fü Lima ted.  Clearly, the majority ol 

Known yield ivmi., arc predictable; nothing can be Inferred 

i'r'om the predi.alonü oi' unknown yields until further declas- 

slfijaiion ID I'orLhcomin^.  The set of master curves (log-log) 

are aomewhai in-oruluslve below 100 klloton where tne straight 

line appears to ..-urve concave downward.  A possible Inter- 

pretation would be an Increase of seismic efficiency with 

ie.'reasin,; yield.  That is, less energy would be utilized 

In inelastle processes such as rock vaporization, plastic 

flow, and crushing and cracking rock material in the near 

source region.  The semi-log master curve tends to reinforce 

this hypothesis by showing increased curvature ft high yields 

or less efficient seismic coupling. 

In the future, a Knowledge of more yields in the 40-1000 

klloton range would greatly enhance the resolution of the 

master curves especially near the change of slope which ap- 

pears between b0-10ü Kilotons. 
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Table  1 

EVENT FAULTLESS GKKEL^Y HALFBE/>K COMMODORE 

Date 1-19-68 i^-^O-o'; 6-^ü-o6 5-20-67 

Ms 5.033 +  .141 ■-.^21   +   . O':-; 4. obi   t-   .1^0 4,562  +   .207 

Number of 
Stations 2X> lü JV 15 

EVENT BOXCAR DUMONT P.] v.   DHIVi'h BUFF 

Date 4-26-6ti •}-19-bb u-J-ob 1^-16-65 

Ms 5.3^ +   .167 4.J19 +   .150 /, .7ob j_   .130 3.5')3 +   .104 

Number of 
Stations 16 19 15 9 

EVENT CORDUROY BRONZü TAN PIRAHNA 

Date 12-3-65 7-^.-s-b;; '.- -.-bo 5-13-6b 

Ms 4.183 +   .14b 3 . bo ^    •     . c'Vw ', .'m  +   .164 3.931 1  .126 

Number of 
Stations 16 ^L 17 17 

EVENT DURYEA NOOCIN' PUHSK CHARTREUSE 

Date 4-14-66 ^-o-f ;•. ■)-7-o'.j 5-6-0») 

Ms 3.Ö20 +   .134 ^  . C i.f      '         .    ' ^' > ^ . ii^  ?_   .207 .3.90b +   .cib'c' 

Number of 
Stations 20 i ■ ' < it 

EVENT SCOTCH KNL.'K;-. •(:•.   '.t.-.-.'A 

Date 5-23-67 )-.'0-t-)7 

Ms 4.467 +   .2^ 'J.l'K1')   4_  ..   ;•■; 

Number of 
Stations 16 it; 
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4. Amplitude Equalization of P-wave Spectra from 
Underground Nuclear Explosions Recorded at 
Teleselsmlc Distances. 

by Theron J. Bennett 

Introduction 

On the basis of body wave magnitude the twelve largest 

underground nuclear explosions to date were selected. It 

was later found that of these twelve only eight gave usable 

records on long-period Instruments at eplcentral distances 

greater than 20 . Theoe events along with available Informa- 

tion on times, coordinates, and assigned body wave magnitudes 

are presented In Table 1. 

For each event, the long-period, vertical selsmograms 

from all the stations In the U.S.C.O.S. World Wide Network 

were scanned and those with good slgnal-to-nolse ratios 

were selected. The restriction of eplcentral distances to 

ranges greater than 20°, In an effort to reduce crustal 

complications, does not leave many stations with good slgnal- 

to-nolse ratios even for the very large events considered 

here. Those stations giving usable records are listed for 

each event In Table 1. These stations range In distance up 
o 

to 80 for some events with a number of South American sta- 

tions recording especially good signals from the Nevada Test 

Site explosions. 

Method of Amplitude Equalization 

The spectrum of the recorded P-wave signal can be rep- 

resented, following the method of Ben-Menahem et al (1965), 



M'"<w)' UK-W:)^-«:.)-''^«.^«.-^]*     Vt
(2) 
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as the product of the source spectrum and a series of trans- 

fer functions corresponding to various segments of the trans- 

mission path. 

A(u,) * HJ-* H^H^HICMSoo (1) 

where HJN» HRC* HM» and HSC rePresent the transfer functions 

of the recording Instrument, receiver crust, mantle, and 

source crust respectively. 

The Instrument response function following Klssllnger 

(1967) la given by: 

whereWn and u>ni are the natural (angular) frequencies of 

the seismometer and galvanometer respectively, m is a con- 

stant factor dependent on the peak magnification of the system, 

^ and ^ are damping factors, and c  is the coupling factor. 

The values for these constants at stations in the World Wide 

System are provided by the U.S.C.O.S. 

The transfer function for the receiver crust was deter- 

mined using a computer program based on the Haskell-Thompson 

method for the crustal structures at each station provided by 

Teng (1968) and Steinhart and Meyer (1961). The response of 

the source crust for models of the Nevada and Aleutian test 

sites were found by applying the procedure developed by Puchs 

(1965) for an explosive point source in a layered crust. A 

typical transfer function for the NTS crust model given in 
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Table 2 Is presented In Figure 4.1 for a takeoff angle of 35°■ 

The mantle response (cf. Teng (1968)) Is represented as 

the product of the frequency Independent geometrical spread- 

ing and the anelastic attenuation which is a function of 

frequency: 

H„(w)- G * exp f-TT/^fÄfe) J (3) 

where ds is an element of length along the ray path, Q(r) is 

the intrinsic quality factor as a function of depth, and 

V(r) is the wave velocity as a function of depth. 

The geometrical spreading was determined from an expres- 

sion given by Bullen (1963): 

\r.%u*A%(u***9-tin*e0)*       |jA«|j 
(4) 

for a surface focus source where r is the radius of the 
o 

earth, ^ is the epicentral distance, T the travel time, 

f»* T%tvm     
and e0 Is 

tlie angle of emergence of the ray at 

the surface which is given by  f# ■ coi*' |-^- "Jj J , 

The travel time derivatives were obtained by fitting a poly- 
o 

nomial over 5 segments of the Herrin P tables and performing 

the appropriate differentiations. This procedure is dis- 

cussed in greater detail in the appendix. 

The integral in the exponent of the anelastic attenua- 
^ Is 

tion factor of eq. 3 - viz. )  OMVO)    - was evaluated 

by numerical integration for the Q model given in Table 3 and 

the Herrin velocity model.  (See appendix for details). 
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Signal Processing 

The P-wave signal for the long-period vertical record 

was digitized at 0.2 sec Intervals over a time window of 

approximately 20 sec. It Is believed that most of the F- 

wave signal energy has been Included and any other phases 

such as PP which may arrive within tne window are small in 

comparison to the P signal strength. 

The mean and linear trend were removed from the data 

and a Hamming window applied. The results were then put 

Into a Past Fourier Transform computer program to obtain 

the amplitude spectrum, which is defined according to the 

norm: 

FC^'    f" f(t)c'iutJlt (5) 

and its transform pair as: 

f(t)* jirrpM*'"*'*'' (6) 

Of course, in the case of discrete data these quantities take 

on analogous forms with finite sums replacing the integrals. 

Next, the effects of transmission path were removed by 

inverting equation 2 and the amplitude spectra at the source 

determined for each event at each station. 

Observations and Conclusions 

A total of 75 P-wave signals from the eight events were 

processed in this manner. A typical amplitude spectrum for 

each, corrected only for instrument response, is presented in 

Figure 4.2. An example of the steps in the amplitude- 
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equalization procedure Is shown in Figure 4.3, and the source 

spectra for the eight events of Figure 4.2 are ^resented in 

Figure 4.4. Amplitudes in all these figures are given in 

M-seo.    The spectra show the following features: 

1. Most of the uncorrected spectra exhibit a broad, 

overall peak between frequencies of 0.1 Hz and 0.9 Hz. Most 

of the other fluctuations in the spectra appear to correlate 

better between events at a single station than between sta- 

tions for a single event (cf. Figure 4.2). This would suggest 

that these variations are either due to differences in crust 

or upper mantle structures in the vicinity of the receivers 

or possibly the result of a radiation pattern in the source 

region. A similar phenomenon was noted by Filson (1970) 

using shorter period F-waves from Soviet explosions recorded 

at array stations. 

2. Removal of the receiver crust seems to have little 

effect on the general appearance of the spectra though the 

overall level is reduced (cf. Figure 4.3). 

3. Correction for the source crust has a more drastic 

effect on the shape of the curves. The trough at the low 

frequency end of the spectrum is greatly reduced and in 

many cases almost disappears. Also, the level of the curves 

at frequencies above this notch is cut by a factor of nearly 

ten (cf. Figure 4.3). 

4. The most pronounced effect on both the shape and 

level of the spectra is produced by the mantle correction. 

The geometrical spreading adjustment changes the level of the 



spectrum at a «iven station and correction for anelastlclty 

Introduces a linear trend In the semi-log plots of the ampli- 

tude spectra (cf. Figure 4.3). More dramatic Is the general 

smoothing of the minor variations discussed under point 1 

over the entire frequency band. 

t5. As one might hope, the amplitude spectra for a 

given explosion look more alike from station to station after 

application of the equalization procedure (cf. Figure 4.4). 

The similarity in the general level of the curves in the band 

0.1 Hz to 0.8 Hz seems noteworthy. 

6. In comparing the source spectra for different events 

recorded at different stations as in Figure 4.4, there is no 

obvious relation between the yield of the explosion and the 

level of the spectra. In Figure 4.4 it can be observed that 

throughout most of the frequency band the amplitudes for the 

Oreeley source spectrum determined at Caracas are higher than 

those for the other events depicted despite the fact that 

the Oreeley yield is only 825 KT compared with yields greater 

than 1000 KT for some of the other explosions. 

7. Even when the source spectra for several explosions 

are compared at a single recording site, as in Figure 4.5J the 

relation of level and yield is still not apparent. In this 

case, the Halfbeak explosion with a yield of 300 KT shows up 

with nearly the same spectral level as the Boxcar event which 

had a yield four times as great. 

8. In the spectra of Figure 4.5 minor peaks appear at the 

love? end of the frequency band for all of the NTS explosions 
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Neglecting for the moment Faultless which has some odd fea- 

tures, the spectra for the larger events such as Benham, 

Boxcar, and Oreeley seem to exhibit multiple peaks between 

0.1 Hz and 0.4 Hz while the spectra of the smaller events 

Halfbeak and Commodore show a better developed, single peak 

centered at about 0.2 Hz.  Also the spectra for the larger 

events have minor troughs at a frequency of 0.7 Hz which 

do not show up for the smaller events. Similar features can 

be distinguished on many of the spectra at other stations. 

9.  At epicentral distances greater than about 25 the 

most notable features of the spectra are the trough near 

0.1 Hz and the minor trough between 0.7 Hz and 0.8 Hz. 

It is not known at this time whether these features or 

any other may be significant in analyzing near source charac- 

teristics of underground nuclear tests. 

APPENDIX. Mantle Transfer Function 

Geometrical Spreading. The most significant cause of 

amplitude diminution in body waves is geometrical spreading. 

The theory of geometrical spreading of spherical wave fronts 

is concisely presented in Bullen (1963). In a recent study 

by Duda (1970)calculations of geometrical spreading based on 

the Herrin P times and Jeffreys-Bullen S times were presented 

in conjunction with computations of body wave magnitude cor- 

rection factors. In the present research some adjustments 

were made on the procedure used by Duda, and these changes 

along with other results which came up in connection with 

these refinements will be presented here. 



6D 

The geometrical spreading can be calculated from the 

relation: 

o^)' -?SLt \i'*"'*.-".""■-"'•}"4l^-l (Al) 

where r0 Is the radius of the earth, A the eplcentral dis- 

tance, e0 the angle of emergence of the ray at the earth's 

surface, 7, « r»/xrm        «7, • *". /ir      >  vo the wave velocity 

at the surface, v^ the wave velocity at the source depth, 

and r^ the radial distance from the source to the center of 

the earth. Evaluation of 0(A) by eq. Al requires computa- 

tion of the second derivative of the travel time.  In the 

calculations carried out by Duda the first derivatives of 

the travel times (dT/dA) were taken to be the time differ- 

ences between adjacent eplcentral distances divided by the 

distance Increment, and the second derivatives (d T/dA ) 

were found similarly by taking the differences between values 

of the first derivative at adjacent points. This corresponds 

to taking the slope of a straight line between the two points 

to be the derivative. While this technique is good as a 

first approximation, it did result in some instability in the 

spreading curves computed by Duda, especially at short dis- 

tances. 

In the present analysis it was decided that a better 

approach might be to fit a polynomial over certain segments 

of the travel times and compute first and second derivatives 

from that. Thus it was assumed that the travel time could 
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be represented as: 

T «  a, ♦ a, A ♦ a^ A* -K»,^ ♦ ... ♦ Q(| A" 

and the derivatives as: 

•2—- t  a a. ♦ C ft, A ♦... + «<•»-•)*« A0'3 

over some range of eplcentral distances. The Interval upon 

which the least squares fit was performed was arbitrarily 

chosen to be ten points which corresponds to a 5 segment of 

the Herrin tables. At first a second degree polynomial was 

fitted to the data, but It was later found that a third 

degree polynomial fit gave more consistent results when the 

travel times were calculated from the velocity model. 

In Figure 4.6 the computations, based on this procedure, 

for (dT/dA vs A ) and(d T/dA vs A ) are presented for P 

waves from a surface focus event. The angle of Incidence at 

the surface as a function of eplcentral distance, obtained 

from the relation: 

(A2) 

(where v0 was taken as 6 km/sec, r0 as 6371 km, and dT/d A has 

units of sec/radian). Is also shown. 

The geometrical spreading was then obtained using equa- 

tion Al and is presented in Figure 4.7 for a surface focus 

event. The amplitude at an eplcentral distance of 80 was 
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taken as a reference and tne spreading normalized on that 

value so that the results could be compared directly with 

Duda's curves.  (Duda had chosen this distance as a refer- 

ence because It corresponded to a range in which his calcu- 

lations were most stable.) 

In comparing the spreading computed here with that ob- 

tained by Duda, the most obvious difference is the improve- 

ment in stability as the new curve is relatively smooth over 

the entire epicentral distance range. The overall shape 

and level of Duda's curves are maintained. 

Anelastlc Attenuation.  It has been clear from the earli- 

est days of instrumental seismology that the frequency con- 

cent of events recorded at near distances differs signifi- 

cantly from that of the same events recorded far away. It 

is now recognized that the mantle acts as a low-pass filter 

for teleseismic waves and this is caused primarily by an- 

elastlc behavior in the mantle. 

In this research the procedure of Teng (1968) was used 

to evaluate the effect of anelastlc behavior on the P-wave 

spectra. Teng had used the CIT11A velocity model in his 

analysis while in this study the Herrin model was used; it 

was therefore necessary to make some adjustments in the 

Q(r) model adopted by Teng. 

In equation 3 it was noted that the effect of anelastlc 

attenuation could be represented oy a factor of the form: 
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The expression: 

(A4) 

where the •< refers to P-waves, was evaluated numerically 

for several of the Q models suggested by Teng and a quantity 

called the differential attenuation as a function of Ä, 

normalized to an epicentral distance of 50 * 

SAC/O» **<*>- t#(f#,) (A5) 

was calculated for ray paths from an event with focal depth 

of 550 km. This quantity was then compared to observed 

differential attenuations given by Teng for two deep focus 

earthquakes in South America. As might be expected, since 

the velocities of the CIT 11A model and the Herrin model do 

not differ drastically, the adjustment in the Q(r) structure 

required to obtain a fit to the same attenuation data was 

not large. The best fit (cf. Figure 4.8) seemed to corre- 

spond to the model which Teng had suggested as an alternate. 

This model is shown in Table 3. 

Using this Q model t* as a function of epicentral dis- 

tance was calculated for a surface focua event. The results 

are shown in Figure 4.9. Then the expression 

exf {-ff] 
giving the anelastic part of the mantle transfer function 

can be directly evaluated. To show how this affects the 
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spectra of P-waves at different epicentral distances, the 

mantle transfer function was computed taking into account 

only the anelastlc behavior for distances of 5°, 10°, 20°, 

and 50 . The results are presented in Figure 4.10. The 

low pass filter character is evident. 
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Table 1 

Evont Date 
Time 
(GWT) my. Location 

Stations 
Analyzed 

Benham 
(Ben) 

Boxcar 
(Box) 

Commodore 
(Com) 

Faultless 
(PLT) 

Qreeley 
(ORE) 

Halfbeak 
(HLP) 

Jorum 
(JOR) 

Nllrow 
(NIL) 

12/19/68 16:30:00.0 6.3 

4/26/68 15:00:00.0    6.2 

5/20/6? 15:00:00.0 

1/19/68 18:15:00.0 

12/20/66 15:30:00.1 6.05-6.29 

6/30/66 22:15:00.0 6.02-6.04 

9/16/69 14:30:00.0    6.2 

10/2/69 22:06: 00.0    6.5 

37.232N ARE,BOG,CAR, 
116.474W PL0,NNA,0XP, 

QUI,SHA 

37.295N AAM,ARE,B0G, 
116.456W CAR,COL,FLO, 

OXP,QUI,SHA 

37.130N PL0,LPS,0XF, 
116.063W SHA 

38.625N AAM,ARE,ATL, 
116.219W BLA,B00,CAR, 

C0L,PL0,NNA, 
0XP,QUI,SHA, 
UNM,KRK 

37.302N AAM,ARE,ATL, 
116.408W BLA,B00,CAR, 

C0L,FL0,LPS, 
NNA,OXP,QUI, 
SHA 

37.316N AAM,BLA,LPS, 
116.299^ 0XF,SHA 

37.314N 
116.460W 

51.417N 
179.X82E 

ATL,BLA,COL, 
PL0,SCP,Sja, 
WES 

ALQ,BLA,C0L, 
DU0,PL0,HNR, 
JCT,LON,NDIf 
OXP,QUE,SHA, 
SHL,TUC 
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Table 2 

WTS Crust Model 
Layer Thickness 

D(kni) 
P-Vel 

o<,( km/sec) 
S-Vel 

0(km/sec) 
Density 
/»(gm/cc) 

2.14 3.24 1.86 2.20 

0.36 4.40 2.50 2.40 

2.50 5.10 2.60 2.50 

20.00 6.10 3.50 2.70 

10.00 7.00 4.00 3.00 

_ 8.00 4.60 3.30 

Table 3 

Depth (km) 
Mantle Q Model 

Pepih (km] 5" Depth (kmj 

0 450 1500 1000 

36 60 1700 1000 

50 75 1875 750 

70 75 2000 500 

150 75 2200 500 

530 75 2400 500 

750 100 2500 300 

950 250 i?600 250 

1100 450 2700 200 

1300 550 2800 120 

287^ 100 
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IQi      NTS SOURCE CRUST RESPONSE 35DEG 

UJ 

10* : 

10 -1 

cr.oo 0.80 0.H0 0.60 
FREQUENCY  (HZ) 

0.80 1.00 
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5. The Effect of a Dipping Layer on P Wave Transmission. 

Albert Rogers 

Cruatal Inversion utilizing the amplitude spectra of 

P or S body waves makes possible the determination of the 

cruatal parameters, depth and velocity contrast, beneath a 

single station with data from that station alone. It Is, 

therefore, not only a very convenient way to measure qualities 

that are needed In other selsmologlcal studies, but It also 

provides a means of adding to basic knowledge about the crust. 

The method is particularly useful In remote areas of the 

earth where refraction and reflection surveys are difficult 

to conduct. 

A number of researchers, Phinney (l), Fernandez (2,3,4) 

Leblanc (S)» Haaegawa (6,7). Ellis and Basham (Ö), Castano 

(9)* Ibrahim (10), and Utau (11), have attempted to correlate 

the theoretical reaulta predicted by the Haakell-Thomson formu- 

lation applied to body wavea with body wave observed spectra. 

In some caaea the lack of a correlation may imply the exis- 

tence of a more complex model. Such complexltlea as anlso- 

tropy, anelaatlclty, and heterogeneity within the cruatal 

system may significantly affect the amplitude reaponae of 

body wmvea, introducing errors Into the Inversion process. 

The distortion of the tranafer function may be great enough 

to make inveraion impossible. The Introduction of dip Into 

one or more of the layer* la one auch complication. 
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In this study we examine the changes produced in the 

transfer function for P waves passing through a dipping 

layer. Two aspects are considered: the errors due to dip 

introduced into the crustal depth determination when the 

layer is erroneously assumed to be horizontal; and, the 

applicability of a ray theory embodying dip to Improve the 

accuracy of the depth determination as well as to find the 

dip beneath the station. 

We assume a single dipping layer, that is, a wedge, 

overlying a half-space.  Plane P waves are incident from 

below the layer, and the diffracted waves that are generated 

at the vertex of the wedge are Ignored. The difficulties 

associated with finding the normal mode solution make a 

first approach involving analogue seismic models and ray 

theory very attractive. 

The ray theory we have developed is a computational 

scheme for summing the plane wave P and SV potentials subject 

to the boundary conditions expressed by Knott's equations 

and Snell's law. We have used the theory to determine the 

vertical and horizontal displacements for the multiple re- 

flection solution for a dipping layer. In the following 

discussions the model study transfer function is defined as 

the ratio of the vertical displacement at the top of the layer 

to the total Incident P displacement at the base of the layer, 

For the crustal study the transfer function is defined as 

the ratio of the vertical transfer function to the hori- 

zontal transfer function. 
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Matching of the observational transfer function to the 

theoretical    may be accomplished by eye or analytically. 

When matching by eye the theoretical transfer function Is 

plotted on log-log paper In dlmenslonless frequency Hf/v, 

where H Is the depth beneath the station, v Is the layer 

velocity, and f Is frequency. One such curve represents 

the theoretical transfer function for any layer depth and 

velocity, for a given velocity contrast, angle of Incidence, 

and angle of dip. The observational curve Is plotted on 

log-log paper of the same cycle size. The curves are then 

superimposed and translated without rotation until a fit Is 

observed. The depth Is determined by reading from the axes 

any two corresponding values of Hf/v and f, and assuming a 

value for the layer velocity. 

A more objective method was developed using the corre- 

lation coefficient and the mean square deviation defined by 

(i) 

Correlation coeff a C: « s; 

Mean sq. dev. s ^ 2 -JJ- ^ ^c^/i^i 
otsi     ' 

where yj, equals the theoretical transfer function and y« equals 

the observational transfer function. The correlation coeffi- 

cient Is computed about the mean y , and normalized by the 

standard deviation so that It Is primarily a measure of the 

degree of equality In shape of the two variables y^ and y^. 

The mean square deviation chiefly determines the degree of 



eijuailiy In ,impliLudf t«iween me two •arves. 

Tnc rnea;; ...jajru deviation was computed ai'ter fitting 

thv '.wo i;-an^i\:- I'JI.I-IOIU uy  c^e and normalizing them at 

ori'eapo.'KÜri^ v.iiuo^ In tnc ran*;^' of tne peak seismograph 

.nj.^ill'l al lo:i. 

In order to anaijltljaily snll't the two transfer func- 

i-lons past one another In the search for the oest fit, they 

were linearly Interpolated at intervals of .01 log frequency 

and io^ dlmenslonless frequency. The correlations were de- 

termined for earthquake data for lag values measured In 

kilometers between 15 km and 90 km. This la less than ♦ l^jL 

of the total lag measured from the zero lag position. The 

model data lag values varied between 16 and 30 im, which Is 

less than + It  of the total lag. The number of independent 

points used in the region of maximuni fit varied from 40 to 30 

for the earthquake data and was equal to 23 for the model 

data. 

In the evaluation of the ray theory we have studied the 

effects on the earthquake transfer function of variations of 

velocity contrast, depth, angle of emergence, angle of dip, 

and spectral resolution. The transfer functions have been 

evaluated for a Poisson's ratio of .23 and a density ratio 

of .03. 

Figure (3.1a) shows the earthquake transfer function 

for velocity ratios of .9» .0, and .7. It is apparent that 

increasing the contrast increases the level of the peaks 

but does not appreciably alter the shape of the curves. What 
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difl'erences ar« present are due to the fact that the curves 

have unavoidably been aaoothed In b  slightly different aanner. 

The nature of the prograa Tor obtaining the curves also ■atces 

It Inconvenient to obtain values ut  exactly tne saae Intervals 

of dlmenalonless frequency.  These trinüfer functions were 

evaluated for 10 of dip and 60 angle oi' emergence. 

Figure (3.Ibi shows the transfer function Tor two values 

o o 
of depth with a dip 10 and an angle of energence 126 .  It 

la clear that changes in depth produce no changes in the shape 

or level or the tranafer function. Any changes which are 

preaent can be explained by the argument given above. Lilcewiae, 

we could expect there to be no change In the tranafer function 

level or ahape had only the layer velocity been changed wi*.h 

contraat velocity. 

Variationa of the angle of incidence reveal that the 

level of vhe tranafer function increases without aajor charac- 

ter change aa the angle of incidence varlea fro« ^0° to fee . 

There ia a aajor character change between 00° and 100 ac wave 

propagation goes fro« up to down dip. As the angle of inci- 

dence varlea fro« 100° to 130° the level of the tranafer 

function decreases without atjor character change. 

We used the correlation coefficient to detenalne the 

theoretical error resulting fro» fitting a 0° dip theoretical 

transfer function to 0°» 5°. 10°, 1^°» 20°, 2^°. Equlvalently, 

transfer functions plotted In frequency were shifted pest the 

0 transfer function plotted In diawnsionless frequency end 

the correlation and aean aquare deviation were determined. 



• I !>»•..    .i:--       I v.-r.   lr.  T;it ic   .   far   ". n-r   jp   and   down  dip    :td<ra 

u For  M.«v«-a   1?.   '. !.■•.•,   .»•„      .     •.fuc orrviallon     ocfflclcnl   f'Ocfc 

'.nro4.-r.   >   »i'Alr.^js   »^ Tfwrc -caeca   lo   v*?  any sw?a8ut*atlr   fl*. 

i»   ifv   Jlp   v.»rl<'.n   fro«  .%     '.o ,,~< "Mo  fit'*   Indicalcts   mal 

ill   v.ii.#«a   of   '. fw     orrriallon flulual«-   at-oand  fi«ro or  g a»p 

iowcr   v,-»4^c   nl'.n  no   «c I.   dcTinrO   otatlsBun.     Thr  i9»an   a«juarc 
o o 

d^vlallon  In.Trasca   mpldi/   In  Ihr   r«»?loiv b    to  10   ,   la   .-on- 

o "^ alant  nrar   K     and   i •   .   af»d b^.'.lr.^   to   Incrcaac  «Kaln  imjowi 

I •   .     Ttw 4«pln viiiucj»   arc durlcrairwd  at   p-olnta  of manimum 

.orrolatlon,   ami   U   ta evident   tftat  error  in tfw depth deter- 

aslnat Ion  Is   lean   than •»< In ail   cases  and  ieatt  than 2.i)i for 
o o 

dips)   less   trvir.  or e^ual  to   IC   .     For «Mves   in  ident  at   l?U 

the  correlation  coeffirlcnt ^oea through a niniauo or region 
o o 

of no fit  at   l-     and  a^al.   at  2'y   .    The »ran square deviation 

In.reasea   continuously as  the  dip  incresses.    The error  in  the 

vslae or the depth varies  fro» 2i to tt.    This  Indicates  that 

in aost   Instances   the  depth of the   layer «ay be detemlned 

within 7i by Matching to the transfer function for a horizon- 
o 

tal   layer even  though the  la>er «My have dips up to ?0   . 

However,   the decree of correlation »ay fre snail or £«ro In 

soee cases.     It   is  this  fsct  that »ay peralt the determina- 

tion of  the dip as  well  as  the depth. 

It   la visefal  to s'.udy the  value of the correlation so- 

efficient   fror, a  statistical   viewpoint.     Vc »ay  test whether 

the  value  of  rj , differs significantly fro» zero or whether 

two r|    values differ significantly fro» earn other.     *e »ay 

also determine   confidence  Halts of the correlation  In the 
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popuUtSon.    If «• t««t ttm null hypothtaU HQ ih«l th« 

theoretic«!  tranafcr functions eoa|Mif*«d above are uncorrelatad. 

that ia drawn fro» a noreei bivariat« population «tin .r.    • 0, 

a^air^t  the aitemativ« hypotheaia  H that  thay are positively 

correlated,   it   la  found that a poaitivr correlation exlale   In 

all  eaaaa e«c9pt   for trw  Inatances  of no fit.     If (he  value 

of r.      > .21«   (thia  nueber applies  only  to theae tneoreilcal 

eureea).  H ia accepted at  the £>f level of ai^niflcance.     i 

value of r|    thia  large due to chance would occur only once 

in twenty tiaaa if the aaaple ia drawn fro« a population with 

It is sore inforaative, perhap«.  to te  t if the «eaaured 

values of the correlation are taken froa a population of high 

oorrtlation, a«)    .r|    •  .9>    Th« 9^4 confidenc« liaita giv«n 

In T«bl« 1 indic«t« tfi«t only the 5° corrolationa (includir^ 

th« 0° c««««) for both «ngi«a of ea«rg«nc« cjuld h«v« been 

t«lc«n fro« • population of high correutlon.    In «11 other 

e«««« w« would b« forced to «oe«pt th« «itemativ« hypoth««!« 

of low eomlation.    Th« HB«lt«n-TfWMa«on aod«! yUlda «Utia- 

tleally «ignlfleant correutlon« wh«n dip« 1««« tn«n 5° «re 

pr«««nt.    9ot dip« grester th«n ^0 th«ir aodol doe« not giv« 

«lgnifle«nt correction«, «nd in «oaw c««e« th« correletion 

I« low or ««ro.    Tli«or«tie«llyf «von in e«««« of low correl«- 

tion, th« depth My be d«t«nBin«d within 7i. 

In th« theoretical «tudi«« of th« «peetr«l resolution 

we aMaured the effect on the tr«n«f«r function of «pplying 

• HaaBif« window of 60, *0, «nd 20 ««e l«f*th to theoretic« 1 
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-tt-isao^r*»» •     alndowa as  snort  »s   'Ji.- »ec  have no effect  or*  vnr 

j-cur«y of   the  lepin detemlnatlon  for • •>€  *ü» cru§l.     Mo«- 

ever,   a   otvort  «tnjo« «uy  eaootn the   irÄf^fer  fun-lion enoutr.n 

10 nake  a dip de l «T» I nation  lapoeaiole. 

Ttw «n»to*(ue  sodel  »tody «•••  conducted  In an effort to 

tnvcoil^aic  under    omrolled  laboratory  condition»  the  accord;/ 

of the   *ruaial   Inversion proceaa.     It  alto provided a  teal  of 

ihe ray  theory.    The experlnentt were designed for the aeaaare- 

■ent of the  vertical tranafer function for three valuea of 
o    _    o        o dip.   •>  ,  7.*>  .   10 , and for vertically Incident «evea.    To 

«hat ettent the nodal reauHs apply to cruatal  tranafer futve- 

tlona ia unicnoim;  however,  aubeequent analytla reveela that 

conclusions based on the aodei results sre entirely conparatu 

to the conclusions resched usinc the theoretical cruatal 

tranafer functions. 

for the eKperUwnts «•• used s two diaansionsl aodel. 

fUure (5.2). «Ith s i/e inch thlcH alunlnutt alloy hslf-apsee 

and a Pleal«lss Isyer.    The aodel «ss aetislly constructed 

with the solid-solid interfsee horizontal and the dip In the 

free edge of the Isyer.    Ths depth fro« the receiver to the 

half-space, aessured slong the nonaal to the free surfsce. 

«ss constant for all three cases,    for the free surface to 

represent a horizontal plane, ss In the reel esrth,  the re- 

ceiver waa displaced fro* the andel vertical by an ar^Ie 

equal to  .he angle of dip.    These two steps insured thst the 

saplitude response thst «es observed reflected only ehangea 

in the an«le of dip.    The lower receiver wesaured    the aource 
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runetlon 4nd MS«  the MM dlstanc«  fro« the sourc« as  inc 

•ourc« •«• fro« tlw baa« of the  layer tentatn the receiver. 

The two centlaeter layer thlckneaa  beneath the receiver 

«aa choaan aa a  coaproalie.     If the  layer depth were auch 

aha 1 loiter,   the aajlor spectral  peeico and trough» itoul'j becoa» 

widely spaced and    hi ft  to hl^h frequencies   (based on the 

Tormjla for norwil   Incidence  to a  horlsontal   layer).    The 

source function would illualnate  few or non« of the peaks 

and troughs  in auch a apectro».     On the othe    hand,   if the 

layer depth were aade »uch greater,  the peaka *nd troughs 

would beeves ao cloaely apaced that  they could not be re- 

aolved by the available apectral  reaolution.     In addition, 

the two-way travel  tiae increaa^s and few aultlples would be 

observed before interfering phases  fro« the sides of the 

■odel arrive. 

Capaeitive reeeivera were uaed, and silver acetylide 

«xploalve ehargas aerved aa the energy aource.    Mhen properly 

foraad, thaae chargaa yielded a ala^le broad-band aignal, 

5 Kite to 300 kNs.  that adequately illualnated the layer aapli- 

tud« apeetnaa. 

A eo^ariaon between the theoretical and observed »odel 

tranafer function la plotted in figure (*».3). The degree of 

fit appeara "teat* In the ^0 and 10° eaaea.    The 7.^° results 

are not aa algnlfleant due to the Interference of sntisynaetric 
o o 

■odaa.    Thla problea waa overcoaa for the 5   *"* W   ««pari- 

■anta.    The raglona of algnlf leant deviation are below ^c kHz 

aa    avldancad by an Inereaae in aaplitude and ahift to lower 



frequency In relation to tn»  tlworetical.     HoMwr.  the rey 

theory 1« not vaud in this frequency bend,  since the mve- 

ien*th« ere 2  to 1} tiaes  the  layer thlcltneee.    Above 160 kHz 

there  is a distinct  frequency dependent shift of the observed 

ptfsks snd troughs towards  frequencies lower then the thearetV 

csl.    This  is accounted for by the occurrence of «eoMtricai 

dispersion snd the breskdown of two-diaensionslity in tht 

■od«*!.    The condition for destructive  interference for nonaal 

incidence  to a horizontal  layer is given by. 

f  -*   V/4H 

and,  therefore, a chance In velocity produces a proportional 

chance  in the frequency of interference. 

Ik   < 4*A« 

o 
Coaparlng the observed and experlaental for 5    ravMla that 

the trouch at 230 kNt (theoretical) appears at 211 to 216 kite, 

a proportional deereaae In percenugea of 6'd$.    Tht phaae 

velocity of a 1/8" thick Plexlclaa layer at 230 Mto la deter- 

■Ined froa the equation (after Tolatoy and tladln (12))i 

The tero frequency Halt of the phaae velocity la 
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Tim principle  root of the  transcendental  equation uelnj 

the aodel  conatanta and  230 kHz   la  c  •   1.^0 mm//» a.     Thla 

represents s decrease  In tne  velocity of tt. 

The  correlation coerflclent   tecnnlque wss  essployed  to 

analytically neasar«  tn<? error  In  the  depth deleralnation 

ss «ell  ss  to atyidy the  fesalblllty   J!   aw-aa-irlnK   the  dip. 

Table   (2)   sfto«9   the  results  of   roap-srlrv   «-a   f. of  the  cuperl- 

■ental   spectrs   to  their correapondlm:  tneorctK-aü   sp«ctrs. 

Only the  values  up  to  160 MHx  were  used  In order  to e«ciude 

the effect  of geoaetrlcal  dispersion.     As was  observed  by 
o o eye,   the degree of fit  la better In the <>    and 10    apectra 

according to the aeaaured values af the correlstlon coeffl- 

eleni and the awan aquare deviation.    The aeaaured deptha 

of the layers benesth the receiver wtre 20.0 mm,   20.3 ■». 

snd ?0.*) mm,   for the b0.  7.3°*  and  10    layers  reapectlvely. 

The aessureaents  include ths epoxy bonding layer aa well as 

the foil used as one plate of the  receiver pickup.    The 

values of tepth deteralned ualng the correlation coefficient 

are in error by about ♦ If.    An error of thla alee caay be 

■•de In aeasuring the depth;     in addition,  the correlation 

«as coaputed  in intervala of  .46 aa.  and.  therefore,  the 

depth aty b*  in error by ♦   .23 aa or approxiaetely ♦  14. 

It  la evident that the depth of a  layer aay be deteralned 

to a hl£h degree of accuracy in a  controlled experiaent even 

though the correlation asy be eaail.    Thla concluaiun Is  in 

agreeaent with prevloua theoretical results. 
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A   a«i  of  tf¥i^N eartnq^tur  records  »ere  chosen and 

ÜU iyicd   In  orctcr  lo drtenslnc  ihe  practlcabilli/ of apply- 

ir.rf  these rcouUs  lo  in«.-  re«! earth,    ion« period records 

•ere  chosen even thou^n portions of  the spectral  band vlolat« 

the reglofui of validity of the ray theory  («avelength auch 

Xonger  than the   layer  thl.*lmeaa).     The  frequencies used wert 

.ül2,>  s'tta.   to  .o   -pa wni.-n represent «tavelengths varying fro« 

10 to  i/-}  the   ia/er  thlcKneaa.    Table   (3) fives all  tht per- 

tinent earthqija*e  atatletlca. 

The theoretical   transfer functions  «er« evslustsd using 

the required sngle of  Incidence,  s fixed velocity contrest 

of  .ö.  snd s fixed density contrsst of  .63.    Table  (4) 

contslns the results of coaparlng theoretical to observed 

transfer funrtluns for dips of 0° through 30    In 5    inere- 

awnts for two earthquatces recorded at Aniofagaata.    Two 

features clearly stand out.    flrat,  the corrr/iation ooaffi- 

elents have double valued aaxiaa, and aecorr ,  the correlation 

goea through a alniaua at 10 .    The double valuea are due 

to the 'periodic' nature of the tranafer function.    Capering 

tht two regions of fit by eye Indlcatea tht fit for the 

s«aHer depth to be beat.    Geologically, the aaaller depth 

see«« »ore liicely since Antofsgasta la on the Chilean eoaat 

about 120 Kn fro« the trench axis.    However, there ia acMM 

evidence suggeating the «arger depth baaed on refaction 

and gravity surveys.    This evidence will be diaeuaaed fur- 

ther, subsequently.    The fact that the value of the correla- 

tion coefficient goea through a ■inimaa at 10° ««a aiao noted 
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In Table (1) where two theoretical transfer functions 

were coapared. Those functions are also the theoretical 

curves for Antofsgasta. This Indicates that the increase 

In the value of the correlation above 10° cannot be asso- 

ciated with actual dips that large.  Furthermore, the con- 

fidence Intervals Indicate that for the earthquake of 

o     o 
17/01/67, the 0 and ^ spectra represent a significantly 

better fit at the 95i* level than do any other cases. The 

confidence Interval also Indicate that w^ cannot statistically 

differentiate between 0° and 3° of dip; however, we may accept 

the values at "Indicators" of the true dip. The 3 case 

appears to be alightly more significant when both the cor- 

relation and mean squan deviation are taken Into account 

for both earthquakes. This result agrees with the "best" 

fit by eye. The values of the depta that are obtained for 

3 of dip are 47.2 km and 45.0 km. The mean Is 46.1 with a 

standard deviation of ♦ 1.5 km. The final fit that Is ob- 

tained for both earthquakes la shown In Figure (3.4). 

The results for earthquakea recorded at Nana, La Paz, 

and Arequipa are given In Table (3). The correlation co- 

efficients and the 93^ confidence Intervala for NNA reveal 

that the 0 and 3 theoretical carves do not correlate poal- 

tlvely with the obaervatlonal spectrum. Poaltlve correla- 

tlona do exlat for 10°, 13 ,  and 20 of dip with the maximum 
o 

occurring at 13 » although the maximum Is not significantly 

different than the other valuea at the 93£ level. Taking 

into account both the correlation coefficient and the mean 



o 
square deviation, the best fit is for a layer dipping 15 

SE and a depth of 74.7 km. Figure (5.5) shows the chosen 

fit. 

Positive correlations are found for LPB; however, the 

degree of visual correlation shown in Figure (5.5) Is poor. 

In the case of ARE there are no positive correlations and 

the visual fit is also poor. Hence no conclusions regarding 

these data will be drawn. Both of these stations are at 

high elevations, and it is likely that the crustal struc- 

ture beneath them is complex. 

The crustal depth determined at Antofagasta is in good 

agreement with results of refraction data slightly to the 

northeast.  Aldrich et al (13) give a value of 46 km based 

on a one layer crust, with velocity 6.0 km/sec. There 

are indications of a two layer crust with a second layer 

velocity of 7.0 km/sec and total crustal thickness of 56 km. 

Our data possibly have two interpretations as well, since a 

fit was also obtained for a 57.3 km crust. Study of two 

layer transfer functions (Fernandez (14)) indicate that for 

some velocity ratio and depth combinations it is possible 

that the transfer function became "doubly periodic" in re- 

lation to the one layer transfer function. That is, for 

each peak in the one layered transfer function, there are 

two In the two layered case. Therefore, in fitting a one 

layered theoretical transfer function to a two layered ob- 

servational spectrum, two matches may actually be possible. 
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Gravity data Interpreted by Lomnitz (15) near Anto- 

fagasta also support a larger value, near 55-60 km. 

The dip of the Moho near both the Peruvian and Chilean 

o     o 
coasts Is between 5 and 10 using data and Interpretation 

of Plsher and Raltt (16), Woolard (17), and Tatel and Tuve 

(l8). Lomnitz (15) north-south gravity profile In Chile 

Indicates a crust dipping gently (approx.1/2°) to the north 

leading to crustal depths of 70 km beneath northern Chile 

and southern Peru. Our 75 km depth determination at Nana 

indicates that a deep crust extends Into northern Peru as 

well. Geologically, we may expect a deep crust at Nana, 

since It Is located at the foot of the Andes about 240 km 

from the trench axis - twice as far as Antofagasta is from 

the trench axis. 
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6. Geological Factors Affecting Triggering and a 

Model of Aftershock Production, 

by Carl Klssllnger 

It Is known that when an explosion Is fired In a solid 

medium under stress, the resulting seismic signal is altered 

from that produced by a similar explosion In an unstressed 

medium. With reference to the specific problem of monitor- 

ing underground explosions, the Important question Is whether 

this alteration of the signal can make the detection, loca- 

tion, or Identification of the event more difficult. The 

principal concern Is whether the concurrent release of tec- 

tonic strain energy at the time of the explosion can suffi- 

ciently alter the seismic signal to make application of 

Identification criteria less certain. A closely related 

question Is whether It might be possible to Intentionally 

place an explosion In a tectonic environment In which a large 

release of tectonic strain by faulting would occur. I.e. a 

large earthquake would be triggered Intentionally, as an 

evasion technique. 

An ambient field stress field will affect the seismic 

signal through several mechanisms. Of these, the least 

Important for the present problem Is the Introduction of a 

small amount of velocity anlsotropy because of the stress 

dependence of the elastic moduli. More Important Is the 

control exerted by the ambient stress on the generation of 

tensile fractures. In a homogeneous Isotropie unstressed 
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material, the tensile fractures that mark the outer limits 

or non-elastic behavior will be distributed more or less 

uniformly around the shot cavity, with essentially the same 

length, so that the basic spherical symmetry of the source 

Is not markedly disturbed. If, however, an appreciable 

prestress Is present, tensile cracks In a few directions will 

grow to considerable length. Prestress Is not the only con- 

dition that can result In preferential fracturing. Planes 

of weakness resulting from deposltlonal processes will have 

a similar effect, especially In surflclal materials. 

A propagating tensile fracture Is a source of seismic 

waves and these will be superimposed on the primary signal 

from the explosion. This Is one mechanism by which S waves 

are generated directly by the explosion (Klssllnger, et  al, 

196l). The energy for these waves Is derived from the expand- 

ing explosion products and the role of the ambient stress 

Is primarily that of determining the direction of crack 

propagation. 

Finally, prestress will result In the production of a 

seismic signal due to release of stored elastic strain 

energy In response to the shot. One way In which this will 

occur Is as a result of the sudden creation of an enlarged 

cavity In the medium. Another, potentially more dramatic. 

Is the occurrence of slip on fault surfaces In response to 

the explosive loading. 

It Is this last effect, the triggering of a tectonic 

earthquake by the explosion, that Is most likely to cause 
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difficulty In applying discrimination criterlF,.  However, 

a concurrent earthquake can cause difficulty only if It 

generates seismic waves comparable in energy to those pro- 

duced by the explosion Itself. An earthquake with magnitude 

equal to or exeeeding the seismic magnitude of the explosion 

has not yet been triggered, but because earthquakes generate 

wave types and put energy in frequency bands that are not 

strongly excited by explosions, there is evidence from the 

seismic signals of earthquake generation. 

Geological Factors Affecting Triggering. 

Our attention has been directed to the question of the 

circumstances under which triggering will occur and the 

environmental factors that determine the extent of the fault- 

ing. 

Of the numerous questions raised by the avallaole field 

observations of explosion-induced faulting, one of the most 

interesting is whether the extent of faulting scales with 

the yield of the explosion. The alternative is that the 

action is one of triggering such that once the yield exceeds 

some threshold, rupture begins and its extent is determined 

by the ambient stress and strength of the material and is 

Independent of the yield. McKeown and Dickey (1969) have 

published data for Pahute Mesa that ohows a straightforward 

relation of fault length to yield. This dependence, when 

combined with the absence of aftershocks on these faults, 

indicates that the prestress is well below that at which 

slip would occur naturally and the slippage is driven by 
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the stress pulse from the explosion.  However, the occurrence 

of appreciable slip and of some aftershocks, especially after 

Benham, is evidence that a sizable tectonic stread field is 

present in the rooks of Pahute Mesa. 

The fact that Boxcar, Benham, Handley and Jorum all pro- 

duced visible surface faulting of about the same extent, but 

only Benham produced large numbers of aftershocks has not 

been explained.  A possible explanation is inherent in a 

model of the local structure that was suggested by Cumraings 

(i960), Figure 6.1.  He modelled the Timber Mountain caldera 

as a hole in a homogeneous elastic plate under uniform ten- 

sion.  He used this model to account for the orientation of 

the numerous faults that intersect the caldera boundary. 

Including those in the neighborhood of the events under dis- 

cussion. Though the model is undoubtedly too simple, it does 

account for the orientation of the faults fairly well and is 

a credible representation of the situation. 

In this model, the large events on Pahute Mesa are 

located roughly along the line at right angles to the direc- 

tion of regional tension. Benham is at about 1.3 caldera 

radii from the center, and the other shots. Boxcar, Jorum, 

Handley, and Greeley are at about 2 radii from the center. 

Because the effects of the hole in a prestressed plate are 

quite localized, this model calls for a maximum tensile 

stress and a maximum shear stress at Benham about 1.5 times 

those at the more northern sites. Figure 6.2. The gradients 

in stress are greater at Benham than at the other places 
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also. For each kllobar of regional tensile load, the maxl- 

roum tensile stress is l.b2 kb at Benhara (almost twice the 

applied load) and 1.22 kb at the northern site. The cor- 

responding values of maximum shear stress are 0.73 kb and 

0.47 kb, respectively. The stress gradients at Benham are, 

for the tensile stress 0.1^ bar/meter per kllobar of re- 

gional stress, and for the maximum shear stress, 0.07 bar/ 

meter. At the northern sites the corresponding gradients 

are about one-fifth the value at Benham.  Of course, local 

inhomogeneities may cause localized stress gradients over 

short distances that are much greater than these. 

A further point in support of the applicability of this 

model Is the fact that the numerous Benham aftershocks are 

concentrated along a trajectory whose direction is predicted 

by Gumming, for which there was no surface fault, but which 

connected known segments of faults. Also, the late after- 

shocks, beginning 22 days after the event are largely con- 

centrated to the south, inside the caldera boundary. 

In the absence of more information about the in situ 

stress and the strength of the faults it is not possible to 

Judge if a stress increase of fifty percent is enough to 

account for the difference in response at Benham and the 

other shots. 

Further evidence of a difference in Benham and Boxcar 

related to tectonic strain release is found in the rel?.cive 

excitation of SV and SH waves by the two explosions.  The 

horizontal component of SV as observed at 11 stations in 



the rfesteru Hemisphere Is close to the same for the two 

events.  SH amplitudes, on the other hand, are uniformly 

three to four limes larger i Jr •■-he ,enham event than for 

Boxcar, with about the same period. 

Mllrow raised some interesting questions, in that it 

produced so Tew afterevents In a setting that is known to 

be highly seismic. The absence of aftershocks later than 

cavity collapse (Engdahl and Tarr, 1970) and evidence of 

the long-term tectonic stability of Amchitka Island (Morris, 

197Ü; Anderson, 1970) Indicate that the rocks of that island 

are under less stress than those of the Basin and Range 

Province. One inference is that the island is mechanically 

decoupled from the active seismic region in which it is 

embedded.  Anderson interprets "the deformation of the sur- 

ficlal rocks of the central Aleutian Ridge as related to 

volcanlsm and plutonism, and as such the deformation does 

not reflect In a first order sense the regional compressional 

stress across the arc." 

The strain energy released in the Milrow aftershocks 

almost certainly came from the static strain field produced 

by the explosion and subsequently relieved by the collapse. 

Thus, the prompt release of tectonic strain by an ex- 

plosion Is governed by a number of factors that can be 

evaluated in the field but have not been adequately treated 

yet. These include the magnitude and orientation of the 

regional stresses and the stress concentrations in the 

neighborhood of the shot caused by the local geology. The 
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occurrence of an unstabie rupt/jrv Uint, would give rise to a 

large earthquake seems lo require that the explosion take 

plfice near a fault that is stressed almosL to the point of 

failure.  In this event the idtntiricotlon ol' the signal as 

coming from an explosion might ht-   very difficult. 

It has been recognized ihai  aurVa   <_ wave magnitudes 

from NTS events are sysiematica J iy ].jrgcr: relative to m^, 

than those for explosions In Central /-ria, Novaya Zemlya 

and the Sahara.  For example, for a large Novaya Zemlya 

event, mb = 6.b. the ratio m. : Mc, Is l.jo. Tne average 

for two Central Asia events, mL =-  o.O and :3o, the ratio 

Is 1.^2.  For one Sahara event, m^  =  j.J,   the ratio is 1.32. 

For events Greeley önd Boxcar the ratios are both 1.1b. 

0. Nuttli has determined shear wave magnitudes and found 

for these events that the shear body wave magnitude Is 

close to M for all sites, the ratios 'Dg^ear : ^s ran^n^ 

from 1.02 to 1,13. The relatively high values for both 

Mg and 
ni
Shear for NTS events have been interpreted as due 

to the contribution of tectonic strain release.  The con- 

tribution to the shear wave magnitude from the SH component 

Is very small for most of the events examined.  A detailed 

study of the Benham shear wave magnitude is still to be 

done. 

Aftershock Excitation. 

In collaboration with J. T. Cherry, Jr., of Livermore 

Radiation Laboratory, Livermore, California, a mechanism by 

which an underground explosion may trigger a swarm of small 
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earthquakes hau  been Inveall^ated. The effect to be explained 

la the permanent alteration ol" the tectonic environment In 

the zone usually .,,onsldier,ed to respond elaatlcally to the ex- 

plosive loading.  A non-elastl»' effect must be produced be- 

yond the usually defined zone o.' cracking, crushing, etc., 

one that causes small earthquakes to occur over an extended 

period of time. 

The suggested mechanism Is the Interaction of elastic 

shear waves proceeding outward from the region around the 

explosion with localized gradients in the ambient tectonic 

stress field.  As a result of the interaction a field of 

small slipped areas or dislocation loops Is formed and the 

continued action of the ambient field on these dislocations 

results in the swarm of earthauakes. . The shear waves may 

proceed directly from the explosion or be produced by re- 

flection of compresslonal waves at the free surface or other 

boundaries. The stress concentrations are the result of 

either material inhomogeneitles or the effect of preexisting 

cracks in the medium, which Is In equilibrium in an anblent 

regional stress field. 

Our appeal to the role of local stress concentrations 

follows closely the hypotheses of Droste and Telsseyre 

(1959, I960) and of Mogl (1962) regarding the preparation 

of a region for earthquakes and aftershocks. 

The equations of motion for an elastic medium under 

Initial stress are derived by Blot In The Mechanics of Incre- 

mental Deformation.  If the body forces and Initial stress 
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are all zero, we have the usual equations of motion.  For 

the body forces zero and the initial stresses constant, Blot 

has shown that P and S waves can propagate In the ruedlLun 

and that the velocities depend on the amount of the Initial 

stress,and an initially Isotropie medium is in general not 

Isotropie under the ambient Jtresses. 

If the body forces are zero and if the coordinate axes 

are taken as the principal axes of the ambient stress, but 

the ambient stress Intensity is permitted to vary, the two 

equations are coupled through the shear strali- term, which 

Involves the stress gradients as coefficients.  Although the 

solution of the resulting equations Is very difficult, it can 

be easily seen by substitution that a pure plane shear wave 

propagating parallel to one of the coordinate axes Is not a 

possible solution.  For example, a plane shear wave travelling 

parallel to the y axis, displacement parallel to the x axis, 

must be accompanied by a particle acceleration parallel to 

the y axis.  A pure compresslonal wave, on tno other hand, 

can exist! 

Physically, the stress gradient acts analogously to the 

tension in a stretched string, resulting In an equivalent 

spring that converts a displacement Into an acceleration. 

Because the stress gradient is a multiplier of the strain In 

the equation, a small strain can produce a large acceleration 

if the stress gradient Is large, and a change In sign of the 

stress gradient will change the sign of the acceleration. 

Large stress gradients are easily produced over the short 



Uii'.ur.-t.- l:. -. .-r.ojfsi airess 2'leld In the neighborhood of 

anail Innomo.-eru'11 It^ü . 

dv propou«- t,nen that as a shear wavt? passes through a 

.tone In whl n a strong stress gradient changes sign, a re- 

sultant tensile stress may act momentarily,reducing the 

etTetlvf pressure, and slip may occur under the action of 

the ambient stress. The slipped areas created In this may 

become the nuclei for growth of the dislocations under the 

action of the ambient field, In the manner proposed by Droste 

and Telsseyre. 

The Benham aftershock swarm exhibits features that may 

be explained by this mechanism.  Pig. 6.3 shows the epi- 

centers and the hypocenters, on a vertical radial plane, of 

the first 19 aftershocks reported by Hamilton and Healy 

(1909). These are only a small sample of the many events 

during the first six hours after Benham, but they show that 

early aftershocks occurred at three to six kilometers from 

the shot, and, In fact, outline the zone of most of the ac- 

tivity for the first three weeks after the event. The mechan- 

Isn by which the region was primed for the aftershocks acted 

quickly and did not move out slowly from the explosion site. 

Pig. 6.4 is a hypocenter plot of all 668 events located 

by the USGS through April 10, 1969, on a single plane.  Super- 

Imposed are two rays: one defines the deepest ray for a P to 

S conversion by surface reflection for which more than half 

the reflected energy Is In the form of S waves for an Ideal- 

ized medium.  All rays above this one out to large angles of 
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Incidence at the surface exhibit t .is property. The ray 

appears to form a rough lower envelope to the activity. The 

velocity model used by the USGS was used In drawing this ray. 

The other ray represents an SV wave taking effect about 

ocO 
3>  to the vertical at the source. This Is the angle at 

which a beam of energetic S waves should radiate from a hori- 

zontal depth force without moment and was selected on the 

basis of a model of a near-surface explosion proposed by 

Gupta and Klssllnger In 1966. This ray also passes along 

the lower bound of the activity.  For either source of S- 

waves, the cut-off of activity below about 5.3 km may then 

be an effect of the sharp velocity contrast at 5 km depth. 

The circled points are hypocenters of late events In the 

swarm, mostly south of the regional swarm regions. 

The distribution of the aftershocks shown by Hamilton 

and Healy (1969) raises the question of why the events are 

distributed as they are. The absence of activity to the 

east suggests, under the present hypothesis, that the main 

fault, which did slip at shot time, effectively decoupled 

shear waves from the eastern zone. The concentration of 

events between previously mapped fault segments suggests 

that the swarm has acted to complete the formation of a linear 

subsurface fracture.  If so, the swarm has some similarities 

to natural earthquake swarms, for example that In Matsushlro, 

Japan. There a great swarm accompanied the formation of a 

new fault, according to Japanese geologists, activity died 

out in the original active zone as it did In Benham, and 
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In later stages of the swarm the activity expanded outward 

Into fresh material. 

The limited evidence indicates that moderate to atrong 

earthquakes occur on preexisting faults, and no case is known 

to the author in which a great earthquake was accompanied by 

the formation of a new fault in virgin material. It may be 

that the formation of a new fault is normally accompanied by 

an earthquake swarm, perhaps initially raicroearthquakes, 

though the converse is by no means indicated, that is, that 

all swarms are associated with fault formation. 
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Figure Captions 

Figure 6.1 

Figure 6.2 

Figure 6.3 

Figure 6.4 

Model of Pahute Mesa - Timber Mountain caldera 

tectonics after D. Gumming. cr~Is the re- 

gional tensile stress.  Nuclear events are 

designated:  H - Handley, J - Jorum, G - 

Greeley, Bo - Boxcar, Be - Benham. The dashed 

curves are predicted orientations of faults. 

Variation of maximum tensile stress,*^ >  and 

maximum shear stress, S, with distance to the 

north from the ctldera boundary. Distance Is 

In terms of caldera radii. 

Epicenters (left) and hypocenters of the first 

19 Benham aftershocks listed by the USGS. Body 

wave magnitudes are In parentheses. 

Hypocentral plot of Benham aftershocks through 

April 18, 1969. The solid ray Is a P to S 

conversion at the smallest angle of incidence 

for which more than one-half the reflected 

energy Is in the shear wave. The dashed ray 

represents the direction of the maximum ampli- 

tude of SV waves generated by the horizontal 

component of the explosive loading for a near- 

surface source. 
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7.  P Pulses from Earthquakes Triggered by Explosions. 

Rene Rodriguez 

Introduction 

The purpose of this research was to determine in the time 

domain the influence of an earthquake triggered by explosions 

into the final P pulse shape. Two kinds of sources were con- 

sidered to act in a region, namely: an explosive source, and 

a tectonic source (moving fault) triggered by the arrival of 

a signal from the explosion. 

a) Explosive Source. An explosive point source in an 

homogeneous, Isotropie media can be represented by three mu- 

tual perpendicular couples of equal point forces without 

moment (Puchs, 1966). The total effect can be represented 

by a superposition of the three couples, because of the linear 

dependence between displacements and forces. This is equiva- 

lent to considering the explosion and its effects only in the 

elastic zone, where the infinitesimal strain theory is valid 

(Kisslinger, 1963).  Prom Nakano (1923), the displacements 

due to an explosive point source were calculated and they are: 

in cartesian coordinates: 

4irf<»^ L - j   V 

in polar coordinates: 

(2) 
4-Ttfnof v *' 
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where  ty»» compresslonal wave velocity 

R = distance between source and receiver 

f « density of the media 

K. e = equivalent moment of the couple (strength of the 

explosive source) 

S*  = radial unit vector, 

b) Tectonic Source. A .ovlng double couple Is utilized 

to model an extending source. Following Berckhemer (1966), 

consider the fault plane In the xz plane and a double couple 

acting at the origin 0 (Fig. 7.1). Let B be a point on the 

focal plant given by It cartesian coordinates. Let the force 

per unit area K be acting over the surface element djollf , 

then the resultant force will be given by 

Let the receiver A be at a distance r from the source, very 

large compared with the diameter 2r' of the focal area. The 

rays from all the source elements to A will nearly be parallel. 

This approximation can be Justified If 

r* « XmiA r 

where   Is the wave length. 

If the focal process starts at the origin 0, the stress re- 

lease at any other point such as B will start after a delay 

time 

{.«tfCO (5) 

where tfd»» time due to the fracture process. 
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The delay time at the receiver A will be: 

ie B LOO -   f-^-fi- (6) 

where: 

fir . JL 
r 

* » ^ for P waves ♦- vS for S waves 

In each source element a double couple acts. Integration 

over the total focal plane leads to the resulting pulse of 

the displacement at A. Prom the expressions given by Nakano 

(1923) the displacement at A will be 

1Ar'  'VrVJft'"* «rff iO-klcrt) Jiar (9) 

u.. . Kifc»»^» 0^(1.4wn e. (T Ui-iUii)  ^t it  (10) 
4.fff r 0) Je ^ l 

where Up stands for P waves, Us for S waves, a, b, c, d, are 

the dimensions of the fault and e^ is the tangential unit 

vector. 

The composite source. 

Consider an Isotropie, homogeneous media. Let the explo- 

sion be detonated at a certain time t^. Waves spreading 

nadially will travel around the explosive source in all direc- 

tions. It is assumed as a working model that as soon as the 



131 

first wave front from the explosion reaches the fault area 

in one point, this will be the starting point for the trigger- 

ing; this will occur after a delay time (Pig. 7.2) 

[--H- (11) 

where M is the distance between the explosion and fault. 

Any other point in the fault such as B will start releasing 

energy after a time delay 

I" -£--lf(«> (12) 

At this point If we consider the fracture process to be linear 

(unilateral or bilateral) propagating in + x direction 

Mi). 4- (13) 

where C - fracture velocity. 

Then the total time delay from the explosion to any point on 

the fault will be: 

t--£--i- (») 

Meanwhile direct waves from the explosion traveling thru the 

medium will reach the receiver after a time delay: 

I- -2- 

and waves from the fault after a time: 

i-(£-f-t-(T&";rv'"c,"0M. (i5) 
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when the fracture process Is unilateral or 

i - (^' f • " (»^.»i^.u.«^ . T:      (l6) 

when It Is bilateral. 

V - V|3 for P waves      V = Vs for S waves 

Then the total displacement due to the composite source at 

the receiver P will be 

(17) 

uiat     .t(cot»^s.n»e ^(1-4^6^ fi   rfwT^dTaT (18) 

If we assume further that the radius of the composite source 

r" Is very small compared with the distance, which can be 

satisfied If 
r* << XwwT , 

then the displacements can be written as: 

(19) 

41T__J j^ j^. 

for unilateral fracture, and 

ups   x^!    iji'i) * &iiin2iaiif t iftn dtat /22N 
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ul8 Kt {c»>«»♦ >.t.«9 Co»*^(i. iut»«)!7* (* C t(x\)  dldy      (23) 

for bilateral fracture. 

For the final evaluation of the displacements an assumption 

about the time function for P and S wave forms at the source 

has to be made. 

1. Time function for the explosive source. 

Two kinds of functions will be assumed: 

Type 1 Explosion (EX). The displacements at large distance 

corresponding to step in pressure at the source is given by 

(Kisslinger, 1963) 

which is a damped sinusoidal motion propagating radially with 

angular frequency a>0 where: 

t. t- lo (24) 

e(:  g **>? ,. (25) 

u)t: 3 Of (m+mO''* (26) 
0| (j+ am) 

ai- radius of the cavity 

mm    JL   * ratio of shear modulus to Lame's constant. 
X 

Assuming for the earth that Poisson's ratio is 0.23,  "i = 1 

and for Vp - 7 km/sec 

* 
1 

9 
1 
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For a very large cavity radius, for example a ■ 1 km 
000 =6.6 1/sec 

<x   =4.66 1/sec 

W = 1.05 Hz 

The corresponding normalized displacement for this type of 

time function Is plotted In Figure 7.3 taking oc as a parameter. 

Type 2 Explosion (EX.).    A step-like function at the source 

will be assumed as a second type of time function for an ex- 

plosion of the form: 

where  will be evaluated by comparison during the numerical 

evaluation of the pulses. This type of function Is similar 

to the pressure function calculated by Toksoz (1967) from sur- 

face wave studies of the Benham nuclear explosion. The 

value of 1.5 for  In the time function seems to fit best the 

observed Love wave spectrum. 

Plots of the normalized displacement for different alpha's 

are shown In Figure 7.4. 

2. Time function for the tectonic source. 

Various kinds of wave forms have been proposed by many dif- 

ferent authors. Bolllnger (1967) gives a list of the P wave 

forms used most often: 

Boxcar SCt)!1        0<t<K 

10 X>h ,  X '.0 

Step function Üft))1 t >0 

I 0 x to 

Damped sinusoid e-^Sm^ir (26) 

(»t jit 
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Prom spectral studies of body waves by Ben-Menahem et al 

(1965)J the gross structure of the source time function was 

found to be of the form: 

(1- e-^ HCO 

with    0 6 i 4 io (29) 
C 

Studies on the ob&erved surface waves by Ben-Menahem and 

Toksoz (1963 a^b) and Stauder and Hlrasawa (1965), show 

that the time function at the source can be expressed by a 

step-like function. According to their results the follow- 

ing particular form can be assumed for the time function: 

' O T<0 (30) 

or in dimensionless time form 

N  fi.e-
QT T»0 

where 
I 0 T < O 

J 

and 

b 

Vs 

= fault length 

« S wave velocity 

(31) 

(32) 

Wave forms of P waves are plotted considering Q as a param- 

eter (Pig. 7.5)• Ben-Menahem and Toksoz presented the value 

of (3- 1/22 from surface waves of the 1952 Kamchatka earth- 

quake. Stauder and Hlrasawa present a corresponding value 
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for Q = 10. From the considerations of Stauder and Hlrasawa, 

Q may be considered to be almost constant for any earthquake 

rather than   constant, because It seems to take a longer 

time to release the stored strain energy In a larger source, 

than In a smaller one. 

In the present paper two kinds of time functions will be 

assumed for P waves: 

Type 1 Fault (FAU). A damped sinusoid. 

f (t) = e-^S.nPi: (33) 

will be assumed for P wave forms from earthquakes, where the 

value of P will be chosen by comparison during the numerical 

computations of seismic pulses. 

Type 2 Fault (FAU).  A step-like function for the source 

function as given by Ben-Menahem (1963 a,b) and Hlrasawa and 

Stauder (1965) 
i-e#t   t»o 

(34) 

The reason for assuming this time function instead of a more 

complete one, for example that given by Ben-Menahem, et al 

(1965), is because we want to gain simplicity for the evalua- 

tion of the integral over the fault area, which for the case 

of a function involving Heavislde function cannot be evaluated 

analytically as we wish. 
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Models. 

Theoretical studies by Berckhemer and Jr.cob (1965)> Savage 

(1965, 1966), Stauder and Hlrasawa (1965) show that a uni- 

lateral fracture process has more influence on seismic 

pulses than bilateral faulting. By the nature of the prob- 

lem, unilateral faulting seems the more suitable process to 

model a triggered earthquake although bilateral faulting is 

also possible. Because we are interested in seeing the in- 

fluence of triggered earthquakes on seismic pulses from 

nuclear explosions, a unilateral fracture process will be 

assumed in the development of the final displacement formulas, 

Model 1.  Type 2EX.  + Type IPAU       (Fig. 7.6) 

F (x) -. t e- "^ 

i IX)    :   e-^&.npt (35) 

With these two time functions, expressions for the displace- 

ments corresponding to formulas (20) and (21), after inte- 

gration over the fault area, becomes: 

up s Oi ti e- ^ 

(36) 
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Where 

0 >c.£. ^.   Kj cote 0^.K|^eo^»♦8m,•«l^(i-4to»»a^}', 

* 4?t7öf '^Wö^FT5^ tftwFwZflf^fi        (38) 

^- t.(^^ + b<x-^>) (39) 

V = Vp for P waves and V ■ Vg for S waves. 

Model 2.  Type 1EX + 1PAU     (Fig. 7.6) 

With the same configuration as Model 1 the Integrated ex- 

pressions corresponding to formulas (20) and (21) with the 

time functions assumed are: 

(^1) 

(42) 
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Where Dl, D2 and D3 are the same as In Model 1. 

Model 3.    Type 1EX + Type 2PAU     (Pig. 7.6} 

F(r) = e-**  s.ncoot (43) 

Using again the same configuration of Model 1 the Integrated 

expressions corresponding to formulas (20) and (21) with the 

time functions assumed are: 

u$ = D, j e-^ - e*'11 - e-*1* * e^'1*] (^5) 

are given by formula(39) 
ti.t,.. 

Where again Dl, D2, and D3 are the same as In Model 1. 

It is noticed that whatever the time function Is, we have 

the same time delays, namely 

Tl« +r 
Ti « 4 ♦■L - 

T» * -«-♦-t 
•>   ^ 

* (46) 

for P waves, and 
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Ti - ^.  JL. _ g ^in9 Cot ^ 

Tr =  ^ +^ 

for S waves. 

The sense of the first (direct) motion from the explosion 

will always be up if the positive sign is taken in the direc- 

tion of Z axis. The second arrival will correspond to the P 

wave triggered by the explosion due to the contribution of T2 

or T3, whichever is minimum.  01 course if 

o Srne C660 c I T2 Is minimum, or if 

o Sine ce«0 > i       T3 is minimum, depending in 

either case on the values of ö and ^ . This minimum value 

also will determine the polarity of the second arrival for a 

given constant distance, because the difference in sign be- 

tween T2 and T3. The difference between T2 and T3 is strong- 

ly dependent on the width of the fault considering that 9 , j , 

and Vp are fixed, that is: 

»T»l-IT|l| : loSa^g^ I (47) 

On the other hand, because the difference in sign a reverse 

in polarity will occur after the contribution of the third 
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term (one-fourth of a complete cycle), therefore the theory 

predicts a possible way of estimating the width of the fault 

independent of the assumption for the time function, if, 

of course, in practice this second arrival could be identi- 

fied with accuracy from actual records. 

A third spike is expected due to the contribution of T4 or 

T5, whichever is minimum, where the length of the fault plays 

an important role. This arrival will correspond to the 

stopping phase (Savage 1965, 1966). The same analysis can 

be made for the S wave generated at the fault. 

Numerical Calculations. 

Fortran programs have been written to evaluate the displace- 

ments at the receiver for all three models and variabl? param- 

eters such as distance, relative orientation of the sources, 

relative strength, etc. 

Model 1. 

These programs calculate the P and S pulses at the receiver 

due to the composite source for different parameters, namely: 

a) r = distance between fault-explosion to station 

b) Q  and ^ related    the orientation of the station with 

respect to the fault 

c) M - distance between explosion and fault 

d) 0^ and ^ related    the orientation of the explosion 

with respect to the fault 

e) b « length of the fault. 

At the beginning values of << » 0.5 and ß - 0.1  were assumed 

arbitrarily, considering only that the rise and decay for the 
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explosive source should be faster than for the propagating 

fault.  All the early results for Model 1 correspond to 

these two values. It then became clear that these coeffi- 

cients were critical, and various attempts to calculate the 

order of these have been made. Attempts to relate these 

coefficients to the magnitude and distance and the time of 

duration of observed pulses were unsuccessful. More suc- 

cessful was an attempt to relate «^ with p directly, equat- 

ing the theoretical displacements due to an explosive point 

source acting alone and the displacement due to a double 

couple of equivalent strength. The numerical values obtained 

heve been used to calculate the values as shown in Pig. 7.?. 

As predicted by the theory, the first arrival corresponds to 

the direct pulse from the explosion, the second to the 

triggered earthquake, the third is the stopping phase from 

the earthquake, and the fourth the S arrival. The differ- 

ence in frequency content between the pulse from the explo- 

sion alone and that corresponding to the fault is striking. 

In these calculations the following values for the different 

parameters were taken: 

o< . 5.0 

C - 0,7 

Strength of the tectonic source K.*»«!« 10  dyn-cm 

Distance fault-station r « 100 km 

Distance explosion-fault M » 15 km 

Fault length b « 10 km 

26 Strength of the explosive source W^B IO  dyn-cm 
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0-30°        ^ = 120° 

Öi- 150°        4i-    30° 

Pig. 7.8 Is the same as Pig. 7.7 but with strength of the 
2^ 

explosive source decreased to 10  dyn-cm. 

Model 2. 

The program for this model calculates the displacement due 

to a composite source as assumed In Model 2. Displacements 

have been calculated u^lng the expressions derived by Klss- 

llnger (1963) and by amplitude equalization. As In Model 1 

we have the four spikes and more or less equal frequency con- 

tent . In this case also the same parameters of Model 1 have 

been used  (Pig. 7.9). 

Model 3. 

This program calculates the displacement due to a composite 

source as assumed In Model 3.    The value of   o< , as suggested 

by the theoretical and observational calculations of Kiss- 

linger, was taken as 4.66, which corresponds to a very large 

cavity radius  (1 km).    Beta again was calculated by amplitude 

equalization.    In this model the arrivals observed In Models 1 

and 2 are clearly seen.    The frequency content Is slightly 

different from those models, probably because of different 

values of the coefficients used.    This model,  not only 

theoretically   but also experimentally seems to fit better 

the actual physical problem (Pig. 7.10). 

Currently we are trying to Improve the Portran programming 

to obtain separately first pulses only from the explosion and 
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from the triggered earthquake, as well as the combination 

of both. This will give a better picture of what we are 

Intending to do. After this, the next step will be to 

analyze the relative Importance of each one of the param- 

eters used in the theory into the final p pulses. Further 

on all the theoretical P pulses calculated will be con- 

volved with the crust-seismograph response to determine the 

actual theoretical seismogram. In this sense a convolution 

Fortran program has been already written and the response 

for the WWSSN seismograph and crust response has been already 

obtained in digital form, taking the models given by Ben- 

Menahem. 

Also, some practical applications of this theory will be 

applied. For this purpose, P waves from the Boxcar nuclear 

explosion are being analyzed, where very peculiar kinks In 

the first cycle have been found at some of the standard sta- 

tions. What those kinks mean physically we are not in a 

position to say yet; however, on the basis of a better under- 

standing of the theory, perhaps we will be able to answer 

this very interesting question. 

The analysis developed here can easily be extended to 

the case in which the triggering occurs at the tine of 

arrival of an S-wave proceeding from the explosion. The 

details of this extension will depend on the model chosen 

for the generation of these S-waves, e.g. by reflection, by 

crack formation, etc. 
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ö. 

A study of smaller BENHAM aftershocks, begun on a 

project with the U.S. Geological Survey during the summer 

of 1969* was completed under the Contract during this report 

period, and a paper prepared for publication. The title of 

the paper Is "Smaller Aftershocks of the BENHAM Nuclear Ex- 

plosion, " by William Stauder. The Abstract follows: 

The examination of the BENHAM aftershocks Is extended 

to 162 earthquakes approximately an order of magnitude smaller 

than those previously studied. T.'-ie spatial distribution of 

these smaller events is similar to that found for larger 

events examined by Hamilton and Healy. Focal mechanisms are 

also similar to those of the larger aftershocks: dip-slip 

along northeasterly trending zones, generally strike-slip 

along a north-south trending zone west of the shot-point. 

About one-third of the mechanism solutions are ambiguous, 

capable of either interpretation. Amplitude data are suc- 

cessfully used to resolve the ambiguity in about half these 

cases by selecting the solution which gives a notably lesser 

value of the variance, ^(A. ,  - kA. caic) /N of the ampli- 

tude residuals. The value of k is related to the magnitude 

of the shocks. A b value of 1.09 indicates that aftershocks 

of the explosion follow a recurrence rate normal for regional 

earthquakes or aftershock sequences. 
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9.    An Application of P Miv* Stationnry PtiM« ApproxlMtlon In 

Ottondnlng Soure« P«rtatt«r« by IqutllMtlen Proe«durtt. 

W. St«ud«r and M. UIIUM 

A stlaulus for tht ust of P Mtvt •■plltud« data In 

dataralnlnc aourca paraaatara arlaat fro« tha paraonal oba«r- 

vatlon of aiailarlty of Mtva-rora of th* P nava froa atatlon 

to atatlon for a glvan aarthquaka and of tha dlalnlahlng of 

a^lituda of tha Initial P mva at atatlona «hleh aftar 

analyaia and ooaparlaon of all tha data ara aho«n to ba naar 

nodal llnaa. Thla paraonal axparlanca «aa aada aora otjactlva 

In a atudy by Mittll (iluttll and Oudaltla, 1966). 

NUttll aaaaurad tha aaplltiada of tht flrat half-cyela 

of tha P «ova at nuaaroua atatlona for tha Kodlak la land 

aarthquaka of fabruary 6* 196%. Thaaa aaplltuda data, eor- 

raetad only for inatruaantal raaponaa, ara ahoan In ficura 9.1. 

Thw aaattar in tha data la oonaidarabla. 

Tha Mult plana tolutlon of thla particular aarthquaka 

ia known (Staudar and Bollinfar, 1966). Tha thaorttiaal P 

«ata aaplituda radiatad by a doubla ooupla point aouroa in 

a hoaofanaoua aadiua ia glvan by tha ralation 

atoara f  ia tha danaity, qt W» ' ^v* valoclty, ^ diaunca 

alont W» wy, K(t) tht aouraa tiaa funotian* and a and y 

tht apaaa aoordinataa of an obaanring point with raapact to 

tht ■aahaniaa axaa. Muttli oorraatad tht obaanrad aaplitudaa 

by divldlnt by tha faotor ay appropriata to aach aution. 



TIM rvsuli« «r» ihotm in fl^ur« ^^. Tht «taMrMMr of 

tlw tyatol« in ttw riiur« U r«Ut«d (« ilM dUUne« of • 

point from • nod«! lin«, or, oquivolontlj, to ttm aifnltud« 

of tlw faeior xjr.    It U notod tlMt tlw «eotior U eonoldor* 

•61/ rodueod« with UM «xe^ption of • fow point« for «iiloli 

voluo« of ftjr ort !••• tMn 0.1. i.o,, point« oo«r aod«l 

lino«.   Bgr porturoind tlw aechonioa «olution «y ooijr • fo« 

«o^roo« An uio dip «nd dip diroetions of u» oodol plan««« 

« «olution «•« oouinod for «tiien ovon %hn§ «««option« 

di««pp««r«d «nd for union tn« f>o«idii«l« in «fcg«rf«d v«r«ii« 

««l«ul«tod ««plitud«« mr* « ■inlay. 

TM fin«l «olution oOUinod in tnu wtf i« umm %» 

flcur« 9*.ft» liM dr«%4i on um tifim IM U» «opUtui« 

«•riotion oxpootod fro« tooaotri« «proodiat «üf» >—< on 

ti» J«frroy*Bull«o F «««• trovol tlM «urvo for O.OOi.   TIM 

«orr««pondono« totmon UM «o«tr»od «oputiid— «orrMtoi for 

fo««^ «««iMAiaa «ad MM tiMorotiool oaplltad«« U food.   Oao 

aoy oonolud« ta«t UM «hUf r««»or in UM ««ottor «f f «i«o 

•aplltuit dtta u «» •»••% of tlM raildtiM pdttm at 

TIMM oooorvotioao ti^not tlM poooiOUity of «oolrii^ 

« foool a—lMaUa «olution for «Hion «oa« quoatity, «ay UM 

«orioaoo, •• of UM oioortod voroiM loapinn t^ltti^H io 

• atoiawi, MMVO 

N (t) 
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Zu priMipl« tbXB U, of «OUTM, • M»11 ••tabliaiiM Men- 

nlqim, ttmt of tut MJM*«« •quillt iioo proe«4ur« «taob 

propo—d by 9m~mmtmm •% •!. {1966) •<* «»•• b^n «ppll«« M 

• wlur of ••rtliqyftli*« (Ttng «nd B9n-Ibrn*lw«t 1?65J  Bto* 

%*tmtmm •% •!., 19661 Ktetiri« 1969).    In • rvemi p«p«r 

Ctmuäf (1970) bM rurtbtr applied im Mtitod of «qiMliM* 

iioa Pf f «■«• tpMtrtl ««plltud«« to dotomin« ttm foool 

■oobPAia« Pf fiv* ooriHquAiMO* and boo «oaporod tbt rtpiilM 

«ilb pPliitiPM froa tbo flrti aotlon of P ond froa ttm 

ppUriMUpn Pf tbo I MPVP.     Mt found «looo ogrtptot In 

UM bolutiocw doioiwliiod iAdPpoodoniljr bjr tut t*r— 

2A tut p^lioption bort propoppd, bpvovor« ibtrt ia 

»ipptipp apt pp mmh Pf UM apootrtl oaplitudpp Pf f •qml» 

ippd tP tlw ppyrop pp pf UM p^lltydp pf UM fim bPif- 

PfOlP Pf UM P «PfP PbPPTPPd in UM tlM dOMlA.    TlMi U, 

UM mtlitvto pf UM firpt bPlf-oyolo of UM f «PV* 1P PPP* 

PÜPMd IP rppwpppt UM ppp«u>M pf UM mv* pf tbt 

poriPd pf UM P «ivp.   Thio io o outionbry 

TPnt Pnd Btn WwMb— firat yood UM 

•Pf« in UdP «PMMoiipn pnd pppliod UM Ptofipnpjy pbbbo 

■ppriMlPPiipn toobniqyo to UM SM «§«•• pf UM Buidp ioo 

pprU^iMlM (fPng bbd Hn JünitMn, 1969).   CiMndra (1970b) 

bpp pppliPd UM pp« tPobnipiM oypioMtioolljr to UM P «PVPP 

for p group ot oi«M pprtb^uoboo.   m found tbot UM oto« 

tipnonr pbopp pplutipno pgrood uiib oplutionp provipupljr 

bgr pfuplippuon Pf UM P «PVO ppooup. 



A •Ufttlonarjr ph*»« «pprc«ia«t.ionc  sine« li uiUiM« 

only UM first half-«yd«, or •%•*» uw rirtt qiMU^*** ojroi« 

(P Miv« onA«t t« first p««M or troM^n) aty bo eoasitor«! to 

•«■pi« UM <llr«ci p *rrlv«i# uncont««ln«i«d «y «onvtriod 

wvtt in iiw eru«t 6«n««iA tut tt«iioA« or la UM iMlghtior 

hood of UM »ourc«.    It l» pot«nil«lii «pplieobl«, UMrofiort, 

to »IMIIOI« fociM ««rtnquaM« «• mli •• to tlM ioolotod 

•l^nol» of P ««««• fro« d««p focus «iweiia. 

Iv«n sft«r «qiMllistloci to ths •oureo* P wv« Mpli%vdo« 

«111 «try *« sboolut« vsius 4«p«fidii* upon tlM ignttyii« of 

tlM oortliqiMlc«.    In orttor to ooapsr« «^uslUotf o«pllt<itfM 

to ooloul«t«4 «aplltudss s noraslltli« footor aiiot to iatro- 

«uood.    9*t ihU, rellOHinc J«ro««h (1966). m !•• 

A..M   * ^ ^UH .  ^ *. (J) 

A| o^t !• UM oto««rv«d ««putud« at UM iUi •u%i«i 
Ai «ale   u Ult oolo«Ut«d «apliivdo M givHi if ««.(l) 

M i« • ootwtont to M 4«tor1nod 

«i U uw «rror in UM IUI oboorvotiMi. 

ZA ovior M iftilt UM •«■ of UM KUOTM «f UM ri 

«I  #   «t «IHMOO II •• UMt 

2. ^.CAU *•' 

A «OIIM of li aoy i« «o oitolnod for any orioatoi&oa of MM 

•ouroo osoo.   liii o ooor«!! procrta io UitroiiMOi IA CI 
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Mi oriMiaiKio of uw MUTO« *x«t for «MAU 

U • mialmm. A b—t riiiii^ »oiutlon 1« IIMM atotaiiMd In 

• «SIMM* quit« ftftftlaeous to Urn proe«dur« prcppo—d toy AMI* 

NMfttaM «t «It.  (196)) in the •qualltatlon and ooapftrlMo of 

An UIIMUVUV« •saapl«, and • prvaonutioo of UM 

rtoiau in • »loiM ouatr UMA IM «•otrsptüe pUn«, My htlp 

to tiMnriio botft tM ottnod «Ad • iioiutlon «oawn to all 

•qmliwtioa toeteiqu»«.   flciir«44 pfoaont« Uw eonvontloa«! 

P Mvt firat aotion «id • tsv« poldrintion ■MIMAIM tolv* 

ti<M for • ■oMaldo odrtHQiMJit of Oetoter 2), 1965.   Xt it 

noiod tust urn •nlmthH oovortft of •utiont about ti» 

oploootor id ritAdr cood, and tlMt ona nodal piano ia «ail 

dotoraiiiad *y %»» f «ava firat oation.   Tha poaitiana of 

botH aodal piaoaa oajr aa fiaad ajr a aaat fit to tJ» • Mavo 

Zn apiar to apply tut a^uaiiaatian of ti» aapiitydaa 

to tha faaai aytoara by tua atationary phaaa approKiaatian, 

Ua aapiitiidaa and pariada ol tua firat half-ayala of tfca 

P «ava «ara datondaad at 8) autiona.   Thaaa abaarvatiaoa 

«ara tlHO aquaiiaad to tfta aourc« by Ukii« into aeeount tua 

affaat of tl» iaatniint and of tua eruat. and by aaapao* 

aatiat fw taaaatria apfoading and abaarptiao ia tl» oantia. 

raovita of U» aoarab prasrHi ara diapiayad in flgurap.^ 



TIM ob««nr«d «qualiMd •■plliutf«« m pr—»fd «n U» l«fi« 

tiM e«ieuUt«4 •apiitud«« for Urn b«ti riitiat oriMiiailon 

of tlw focal ««•• on tiw rignt. 

As ha« boon polntod out by uooro of UOo toobniqiio* 

ilw ffptm of Flfuro «> oro • two dlaonoionil prooonioiion 

of «iMi in roollty io • tftroo diaonoienol flcuroi  Urn 

irroculorltioo of ilit o^litudo diocroao oro o funotion noi 

of otlautntl dopondonoo but of dlfforonoo in tlw toto-off 

oi^lo ot tut oouroo.    Par osoaplo» Ficuro9A •!»«• ilit vorlo- 

tion in oaplitudo oo o fUMiion of osiMitli uorroopowdint U» 

u» grootoot ^nd to tut iooot toko-orr antld 'or ifct por- 

tioulor oboonrationo uood in UM oftnbiion of thio oorth- 

«MM.   MOlo oitntr ourvo io oaootii, U it roddily oooa 

UMt iT royo oorrotpowdim to difforoat HI» off t«glM oro 

plottod on o poUr frtph o qiaiio iirofiiUr flfloro ooa rooult. 

■MMO U» otor-UlM tMpo of %m Binftid oad ooioulotoi 

o^ii%wdo plou. 

MiUo for ovrfooo «ovoo it U noooooory %o prtoott« o 

rodiotion pottom in o googrophi« ploao, ttoio dooo not 

to bo noooooory, or ovon of portiovlor odioniot% for ta» 

diMtion ond proooatotion of body «ovo Mplityjd doto.   A 

prodoatttloa la ton» of %»m footi aaod ny io 

tiot. 

In tona of opboriool toordittoo roforrod to %tm 

■oorib osoo» UM ooputodo of ta« r «not on UM 

of o opiMro of rodioo K (ooo •%. (1)) io gioHi by 



K 

'    ^f  R ' (6) 

vKtrt A Is MMurtd in u» «y pian«, or in UM piniM ef 

UM fore««, and 6 1» »••urvd fro« trw Z or 0 (null) «Al«. 

TIM vorloilon «lUi f is tnt faallUr Tour-IoMd f «•«• 

roditilon potwm. Botn f and 0 •« rvadlly rtlotad to 

UM oilauUt ond toic«-orr »f^l«« of t. <lwn re;* tnro««n UM 

dirootioo eoolnao of uw atoiMnloa •«•• rolotiv« to UM 

gaosropMo osoo. TIM onpntud« alone • rojr aofclnt *n ontio 

• aty in turn bo rodyeod to tiM oaplitud« of a iv/ loavinc 

a aouroo of tha aaae otrar^th at an •n<i« • • IT/i oy 

dividii« tlM oboarv^ Mplltud« by «in2«. In thia «oy UM 

radiation pattom it reduced to the »y plane or plane of 

UM fOrooo. Or, eoulvalently, one vieua UM radiation 

pattern fro« UM t a«iar looklnt toward tne «y plane. 

ytCara^7pr«aente tne eaplitude date of the Hokkaido 

oorM^oaJM in tnia faaMon. One aeee iaMdiatoly the of foot 

of UM nodal line and UM degree of eloseneee of fit of UM 

akooi m P «avo aaplitvdea with UM ealeulated aaplitodoa 

for UM ^«ionution of the fecue ee lee ted. One aeoa aa «o.l, 

and Mra gropkiaaiiy tnan in other preaentattona, the liaiu* 

tion in the diatribution of data over the focal ephere. 

lean «itk 0ood goographie diatrihution of oboonrationa, the 

data pointo ara apraod ovor barely a quarter of the sy piano. 



In c«»«». Aowtwr. «twrt ttm dlftrllwtion in %tm ny plan» 

cov«r« —mt*l qväriif («trUtt slip fMiltlAf in • vtrii««! 

plant) • prtMnutlon •• in flcurt     my MTV« to Idoutity 

tiM plan« of faulilnc «nd tlw tirMtion ruptwr« propacatiMW 

iikt lo^j will b« MjfMttri«, Maarttd in ttot «irMtlM «f 

tut ruptur«. 

A final rtfarano« to tlw quaiimy k 4atiflmi abov« 

(•«. (*))•   Xf «t lai X ba a« avwata «aliaa af tfca Mpltttiii 

an uw faaal a^toara« man 

^aba • ^ ^i aala 

ü •« lag Ic 

w l»«a    N a« 1«« (*^aie) 

ar       n   m. lag k ♦ 1<€ 'aala • 

ffha «alaa af ^^ ia abialMi iy UM ralattan 

Aaala * # ^       •,,* 

TM taw «alaa af 11 oay »a aaad to «atoraiM o 

dorivoi auaiiuoaaoaly froa may mil niifi of tto r mm 

a^Utoia ani tarraatai for Uw affiaat of MM filotteo 

paaaafli a* MM aoarao« 

Tha abova taohni^iiaa ara aaing appliad ajrataoatiaalljr to 

th» atudjr af aartnqyaicaa In tiw Kurlla Xalantfa and in Pam- 

ieuatfar.    Tim raaulta «ill ba btlprul botli in auppart of foeal 

■aehania« atudia« and In tba dataroAnatlon of tfaoinaat oaahaniaai 

of a ragion. naeaaaary for aatabliafiii« ragianal aaabaniaa ear* 

rvctiant. 
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•taaiar, V.# aad 0. A. Bellii^ar, (1966).   Tha fooal aaohan- 
im t Urn AUaka aarthqualca of Naroh 88« 1964, and of 
iU gftaratoak aa«iaaaa# ££1' Ih 5883-5896. 
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Titles to Figures 

Fljure 1. A.-nplltudes or first half-cycle of the P wave, 

corrected only for instrumental response, 

KodlaK Island earthquake of February 6, 1964. 

Figure 2. Amplitudes of first half-cycle of the P wa^e 

corrected for focal mechanism as determined 

by Stauder (1966). 

Figure 3. Amplitude of first half-cycle of the P wave 

corrected for adjusted focal mechanism. Solid 

line is r.he amplitude expected on the basis of 

the Jeffreys-Bullen travel time tables. 

Figure 4. Conventional first motion of P and polarization 

of 3 mechanism solution for the Hokkaido earth- 

quake of October 25, 1965. 

Figure 5. Observed amplitudes (left figure) equalized to 

the source, and the calculated P amplitudes 

(right figure) for Dest fitting double couple 

source, earthquake of October 25, 1965. 

Figure 6. Variation in calculated ? wave amplitude for 

take-off ar.-'ö"" c"—....;  ... v...,  ••..   

and lease va^e of ~a for stations represented 

in Figure 5. 

Figure 7. Amplitude data for the Hokkaido earthquake 

reduced to the xy plane. 
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10.    Soure« P«r«a»t«rt of larthquaic*« fro« Spectra 

of lltyl«!«^ lüws 

A.  Udl«« 

A*    LM^th of Mult tnd V«l»sitjr of nuptur*. 

Bvn-Ntnarwa (1961) h»a d«v«iop«d ttw «xprvsA^^ms for 

tu« far flald dlaplac«a*nts of fUyl«Un «f»v«» radial In« fro« 

a pr«pafatln< fault of flnit« dlatnslona.    Tht aodal of ttw 

fault la a aurfaca of langtli b and uidtti d.    Tha propagating 

fraetura la rapraaantad by a point aourca propa^itlng along 

tlw b dl«analon with a valoelty v and radlatln« anargy aa 

It propagataa.    for a vartlcal atrlka-allp fault and a prop- 

agatlnf doubla coupla tha dlaplacaaant of Uhc vartlcal co«- 

ponant of tha Raylalgh wava la gl¥«n by 

X.-#(%--*) 
c^ x ^ / U) 

Tha affaet of tha flnlta dlaanalona la Includad In tha 

factor <f| (W »©). To laolata thla factor Ban-Nanahaa da- 

finad tha dlraetlvity function, D, aa tha ratio of tha apac- 

tral aoplltudaa of tha aurfaca aavaa corraapondlng to wavaa 

laaving tha aourca In oppoalta dlractlona. 



Sine« IJ» only ftetort «DUti d«p«otf on • la «9.  (X) •rt 

•in tf/t^ anil «In t, wt can ««ntrtliM Uw «JH^rtsalon for 

th« dlr«etlvlty to b« tho ratio of tht opootrol oaplltudot 

•t two ttatloiM oorrt^pondlnc to rajrt loavinc tho touroo 

»Ith on arbitrory oncl«. *C , bott^vcn thoa.    Ttauar 

Nlnlao in this function ooeur at atroa of tht nuaarotor, 

that la, at valuaa of tht arguatnt of tha alaa fuaotlon 

«fei ^-(U.ca»#) »Mr  ,   ft««,!,!,-. 

llMiaa ooeu   at aaroa of tha donoalAator, or for 

irl ̂ •[ %-«•»(•♦*¥* MT , Vla^l.l  

Tha valuaa of tha froquanoy at which althar aaxlaa or 

■inlaa occur can ba uaad to dataralna tha fault longth b. 

For axaapla, for the mtm ordor axtraaa 

Lm      ^%         £A   (5) 



TU» dlTMtlvUjr Ainetlon, 0, •• tf^flMd orUiMlly 

(•q. (1)) «§• uMtf «lili Ä or 0 «■««• of eontoeutlv« ordor 

rooordod ot UM MS» station.   Ttil» proeodur« ■iAlaisoo 

tl» Muroo« of «rror. but roduoot tho UM of tho attliod to 

•artliquoJ»« tufflelontl^ ;»iagt to «onorot« rttum •urfoe« 

«•VM or «■«•• «hielt olrel« tiw ••r.n aort than one«.    In 

tlwory nethinc provont« u«lnc dlr«ct Rayloi^h or Lovo «•«•• 

rtoordod at dlfforont station« distributed at arbitrary 

but «Sirrarlnc aslmitiia about tha ^nloantor.    In thia avant 

tha aora gansrol diraetivltjr funotlon, t^ , («q. (*)) ap- 

pliaa.    Allouaaea auat ba t sda, of eouraa, for dlffaranaaa 

&n apioantral diatanea, path of propagation, at«     Thia 

preeadura aatoa it poaalbla to apply th« aathorl to aarth- 

quakss saallar than N • 7. 

Tha advantaga of applying tha aors ganaralisad axpraa- 

aion for ths diraotivity la that atatlona ean b« aalaetad 

at «hioh tha flsyiaigh «svaa ara uali raoordad without tha 

oonatraint of baing 180° apart in asiauth.   Sinoa tha 

diraatinty funatioo ia noraaliaad, tha as^litudaa in tha 

apaetral ratioa auat ba raduosd to a eoaaon distanaa.   Thia 

ia dona throi^h tha aquation 

(6) K • A^f.-^.-Oy 
Aa an axaapla, tha aathod hara propoaad la appliad to 

tha Alautian Zaland aarthquska of July 4, 1966. Tha two 

nodal planaa of P ara aaauaad to ba known« and ara takan 



fro» äiAudtr C*/'^}. .•'U. *^.l »ho«* tfM orientations, 

Ar* «nd bb',  of if.«»«.- p;«:«« «nd also indieat«« »ho ototiono 

*nd trwir dUtribuilon *c»out trw »ourco at whioh tho diroot 

fUyloi^n «Mv«t w«r« u*«4 in tho «nolysio. TU» Royloif^ 

«ovot ot tnoo« ftutlon« «or« di^itisod ond • Murlor anolyoU 

■od« of tiw dU^^^s«^ dot«. In this prooooo ears aust bo 

tokon to sslsct s suitsbio tiJM «indow, for it is i^ortont 

to ojceiud« froo ttw «nslysis sny intorforoneo froa istor 

srrivals, I»torsi rofracvions, ote. 

01 von tho spoctrs, ss aony oootinstiotis as poosiolo of 

opoetrol ratios »r« foiood. By sppliostion of oqustion (5), 

ropoatod fro« stove 

a valuo of b can bo ootainod fro« tho first ■OKiau« or firtt 

•iniaua of sny on« of thoso spootrsi mtioo. Zn so doing 

it is nsoosssry to sssuas s vsluo of v, tho voiooity of 

rupturo. In fsct, whsn using only ths aaplitudo portion of 

th« spsotrs thsr« is no ind«p«nd«nt wsy of dotoraining tho 

frsotur« voloclty, v. Howsy«rt if asny rstioo aro uaod for 

tho caloulstion of b, wo asy sssuas difforont valuss of v 

snd froa thsss s«l«ct thst v which givos tho loast standard 

srror for ths a««n vslu« of b. In this asnnor wo obtain a 

siaultsnsous sstiasto of both b snd v. 
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A by-product of the owtnod when t sufficient nunber of 

•tations around the epicenter are usedi la the determination» 

throufh the proper choice of Q of the plane of faulting fron 

tha two nodal planes and th« direction of  fractur-e. 

Piifs.lO.^ ft lt.; show two examples 01 the spectral 

ratios for the esrthquake o." July <«. 1^66. The points In 

tha flgurvs are observstlonal values of the spectral ratio 

for tha pairs of stödons Indicated. The solid lines are 

the coaputad directivity function for the fault length, 

fracture velocity, and direction of fracture assumed for 

tha bast fit to the dsta. While mere is some variation In 

tha obaarved from the computed spectral ratio, the minima 

and maxima ara wall defined. For this Aleutian Island earth» 

qjaka tha US  striking plane is selected as the plane of fault« 

Ine* with the fracture propa^atlr^; so-inward. This la In 

keeping with the interpretation oi  it,La  earthquake as an 

arc-arc tranaform fsult. 

Fig.10.A shows a similar application to an earthquake 

in tha Asorea. The focal mechanism was determined by Sykes 

(1967). The earthquake is strlKe-silp, with epicenter on 

a fracture sone. 

B. Seismic Moment. 

The aelamlc moment is calculsted following the work of 

Akl (1966) and the theoretical results of Ben-Kenahem and 

lärkrlder (1964) from the spectral amplitudes of the vertical 

eoaponant of tha Rayleigh waves at periods sufficiently large 

that tha point source approximation of the source is valid. 
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Assuming a step fur.ctlon Tcr the source time function the 

value of the moment Is given by 

*"   NrJXWl 
(7) 

U(i*») Is the spectral amplitude, r the distance, v the atten- 

uation coefficient, CR the phase velocity, Nrz the Raylelgh 

wave singlet transfer function and %{Q)  the radiation 

pattern function as defined by Ben-Menahem and Harkrlder. 

For the earthquakes studied here we calculated the moment 

at two values of the period, 100 and 30 seconds. For these 

periods the uncertainties In the assumed phase velocity and 

attenuation coefficient are small. The results are given 

In Table 1. 

C. Stress Drop, Seismic Energy, and Average Dislocation. 

Values for the stress drop, a" * and average dislocation, 

w , have been found from the above determined values of the 

moment and fault length using the relations 

^"/IA   TTbT (8) 

Where ~r^\MF (10) 

The value of  IA was taken as 3.3 x 10" and the fault width 

equal to 10 km for the Aleutian earthquake and 3 km for that 

In the Azores.    The results, again, are given in Table 1. 
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Titles to Figures 

Figure 1. Orientation of nodal planes, AA', 33', and 

azlmuthal relation of stations selected for 

surface wave analysis, Aleutian Island earth- 

quake of July 4, 1966. 

Figure 2. Spectral ratio for station pair ATü/AFI. 

Plotted points correspond to observational 

valuer  solid line to the theoretical spectral 

ratio for the values of b and v indicated, 

Aleutian Island earthquake of July 4, 1966. 

Figure 2'    Spectral ration for station pair ANP/BHP, 

Aleutian Island earthquake of July 4, 1966. 

Figure 4. Spectral ratio for station pair TRI/IST, 

Azores earthquake of July 4, 1966. 
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Regional Selsmlclty 
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11. Southeast Nltaourl Seisalc Network 

Ran Agrawal 

The inaediate objective of this research has been to 

study the selsmlclty of the New Madrid zone on the baals of 

small earthquakea (2.4 ^ m^ <3>3) recorded by portable short« 

period sensitive seismographs. The long-range goal Is to 

determine the relationship of the spectral properties of the 

seismic wavea to the earthquake parameters, especially focal 

depth and magnitude. 

Oeology of the New Madrid Area. 

The area, geologically,Is essentially confined within 

the borders of the northern part of the Mississippi erobay- 

ment. This embayment Is a broad northward extenalon of the 

Gulf Coastal plain. This area Is bounded on the west and 

north by the Ozark Uplift, and on the east by the Illinois 

Basin. Both of these major features are made up of sedi- 

mentary rocks of Paleozoic age. Structurally, the embayment 

is a large downwarped region of Paleozoic rocks opening to 

the Oulf of Mexico, filled to the level of present surface 

with deposits, mostly unconsolldated, ranging in age from 

Cretaceous to recent. A schematic geological cross-section 

W-E at latitude 36 N Is shown here. 



Toeif  300ft.~ 

/ 

h;   •< rUir. (.AM^'i'ir!:- 3'1<"'"ft.     / T«rtl»ry For««tion 
/ ( Lrown rh^rt fr«wl,*Tay cl^(««nd ) 

r 
\%a\ /     Cr*t*c^oui    -   tfcf;«jry Forrutlon    East 

L*d-rock    (iüaslsslp)'i«xi Limeatone) 

Location of Stations 

A three-station seismic network has been operating In 

western Tennessee since October 1969» with the following 

specifications: 

Samburg(S) 

Long.: 69.303 W 

Lat.:  36.4160N 

Elevation:  13Ö meters. 

The station is on Tertiary rock. Recording la on mag- 

netic tape, played back in the laboratory on a Brush oscillo- 

graph. Three Instruments; one vertical component, one hori- 

zontal N-S and another horizontal E-W, are operating. The 

natural period, and peak magnification of the Instruments 

are as follows: 



33K 13.5 

106K 13.5 

63K 11.0 

20ÖK 11.0 

47K 12.0 

146K 12.0 

1Ö9 

Natural Anplirier-    Peak       Frequency 
Inatrmaent      Period gain    Magnification at in cps 

Vertical 1 sec     150 

^00 

Horizontal (N-SJ  1 sec.    150 

500 

Horizontal (fi-W)  1 sec     130 

500 

The nolae level at Samburg has been found to be 5 millimicron 

peak to peak at 11.0 cps. 

Lasalter (L) 

Long.:  Ö9.3520W 

Lat.:  36.330ON 

Elevation: 10Ö meters. 

This station, about 11 km distant from Samburg on Ter- 

tiary rock, consists of one vertical component seismograph 

with natural period 0.4 sec and peak magnification is 110K 

at 2.5 cps. Recording is on an Autocorder. 

Tlpton->llle (T) 

Long.:  89.507OW 

Lat.:  36.4430N 

Elevation: 85 meters. 

A vertical component seismometer with natural period 

1 sec is located on alluvium at a distance of 18 km from 

Samburg. Recording is on magnetic tape. 

In addition, another station is operated in Missouri 

about SO km from the three in Tennessee: 



ye 

Greenville (G) 

Long.:  90.j9'>OW 

Lat.:   i7.0')'i0N 

Kievatlon:  166 meter 

A vertical component seismometer with period 1 sec and 

peak magnification 10^ at 2.-3 cps recorded on an Aucocorder 

la operated there. 

Epicenter Location Technique 

Prom a model in which all stations are assumed to lie on 

a horizontal plane and all crustal layers, of constant veloc- 

ity, are assumed to be bounded by horizontal planes, two 

computer programs have been developed for determining hypo- 

centers: 

(1) Usln,; Pg-arrival times - t^, tp. t^, t^ at the four 

stations (Westphal & Lange 1967). Where C, - time 

of arrival of Pg at the nearest station. 

(2) Using Pg-arrlval  times at three stations and 

(Sg-Pg) Interval at the nearest station. 

Both programs compute focal depth, but only In a few 

„•ases were meaningful depths obtained. Seismic events re- 

corded from March to May 1970 have been studied. 

In Table 1-A and B epicentral coordinates, origin time 

and focal depths are given. 

The following velocity structure (McEvlily, 1964) was 

used to locate the epicenters: 
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VP VS Density Thickness 

6.1 km/sec 3.5 km/sec 2.7 gm/cc 11 km 

6 A  km/sec 3.68 km/sec 2.9 gm/cc 9 km 

6.7 km/sec 3.94 km/sec 2.9 gm/cc 18 km 

8.15 km/sec 4.75 km/sec 3.3 gm/cc 

The epicenters were located on the basis of one of the follow- 

ing alternate assumptions: 

1. depth less than 11 km 

2. depth between 11 km and 20 km. 

The results from the first assumption are given in Table 1A 

and those from the second in Table IB. 

Interpretation of the Epicenter Plot. 

Epicenters thus obtained were plotted.  Most of the epi- 

centers lie from 35° to 370N and from 890 to 90oW. There are 

two clusters of epicenters; one near the New Madrid bend of 

the Mississippi River and another at the border of Missouri 

and Arkansas. However, both clusters of epicenters lie along 

o      o 
a line running from S 35 W to N35 E, which is more or less 

parallel to the course of the Mississippi River as shown in 

Pig. 11.1. The epicenters in Pig. 11.1 are under assumption 

1. above. This line of epicenters is in good agreement with 

the line of epicenters based on historical data for 1811-1964 

(Heinrich, 1941, Stauder, 1965, McOinnis, 1963). 

The above line of epicenters is also in good agreement 

with the direction of faults located by Mateker (1968) using 
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grav5ty and well-log data. The events do not fall on any of 

Mateker's faults, but In between the two that bound the 

upper end of the embayment. 

Depth of Pocus 

For    two events, depth of the source has been found to 

be around 12 km and that for one event 17 km. These are 

expected values In this region. In three cases tentative 

values of focal depth of 100-200 km were found. This Is an 

unexpected result and must be verified by further analysis. 

The tentative spatial distribution of these six events along 

the line of epicenters {S350W to N350E) Is shown In Pig. 

11.2. 

Any definite relationship between the shallow and deep 

focus events cannot be given because of the limited data. 

Por most of the events, computed depth of the focus has been 

found to be Imaginary. Thus, effort Is still going on to 

develop a method to compute the focal depth of such events. 

It has been Judged that only If the epicenter Is within the 

network and also very close to one of the stations, the 

focal depth computed Is reliable. 

Time Residual In Pg-Arrlval. 

Residual In Pg-arrlval times using three-station tech- 

nique of epicenter location has been found to be about + 

0.3 sec. But In four-station technique It Is about +2.0 

sees, because of the limited control at Greenville station, 

which Is about 80 km from the tripartite network. 
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Magnitude Determination. 

There was no calibration function available to calculate 

the magnitude of local earthquakes In the New Madrid area. 

A relation for the calculation of magnitude has been developed 

using Pg. 

Development of the Magnitude Calibration Function. 

Let us assume the magnitude relationship as follows: 

■a+log^ (^IfP2) +b log D (km) (l) 

where 

mb  - —o T * sec 

A - ground motion In microns 

T - period of Pg 

D - hypocentral distance In km 

D2-  h2 + A2 

h - focal depth 

^ - eplcentral distance In km. 

a and b are constants 

a - varies from event to event 

b - depends upon the local geological conditions. 

Thus, for about sixteen earthquakes log «■ and log D are 

calculated at Samburg and Greenville, assuming focal depth to 

be 12 km, and are shown In Table II. 

Then log *• vs log D curve has been plotted. The shapes 

of the straight lines thus drawn for each event are measured 

as shown In Table II. The average slope turned out to be tan 

65°; I.e. b = tan 65° = 2.15. 

The magnitude of the event of March 27, 1970, 03 44 , 

was calculated to be 3.5 by Dr. 0. Nuttll using Pn. Taking 

this earthquake as a standard one, a line of slope of 2.15 
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A 
was drawn passing through the point (log m ,   log D) for 

A 
Samburg as shown in Pig. 11.3. This line cuts log jp axis 

at I.63 where log D = 1.0. Thus on substitution the values 

A / \ of mb, log rjr and log D in equation (1), 

3.5 = a + I.63 + 2.15 x 1.0 

a = -3.7Ö + 3.50 = -O.28. 

Therefore, magnitude relationship on the basis of 16 earth- 

quakes using Pg becomes 

mb = -0.28 + log ^ (*|||21) + 2.15 log D  . 

Magnitude of all the events were calculated using this rela- 

tionship and are shown in Table II. The magnitude varies from 

2.4 to 3.5. 

Justification of the Magnitude Formula. 

The magnitude of the event March 27, 1970, 02 21 , was 

calculated to be 2.5 by Dr. 0. Nuttli, and by this relation- 

ship also it has been found to be 2.5. Hence the above mag- 

nitude relationship seems to be reasonable; however, for 

better magnitude relationship more data are needed. 

Discrimination of Earthquake and Blast. 

At about 100 km from the tripartite network there are 

mining districts where frequent blasting is done. Thus the 

discrimination of local earthquake and blast in the New Madrid 

area is very difficult.  However, the following criteria have 

been used for discrimination: 

1. On the basis of epicenter location. Epicenters of 

some of the events have been found to be in the known 

mining districts; for example, the events of Apr. 19, 
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1970, 10h ll,^ and Mar. 26, 1970, 07h 38" . 

2. On the basis of appearance of selsmograros. The selsmo- 

grams of strip mine explosions and local earthquakes 

have been shown In Pig. 11.4.  As a general rule, rec- 

ords from Industrial explosions In the Illinois-Missouri 

area feature a well developed, short-period surface wave- 

train, such as that seen in Pig. 11,4 b, which may 

easily be recorded to distances of 200 km and greater. 

The records from small earthquakes, on the other hand, 

are notably lacking in the surface wave trains. 

3. On the basis of ratio of Pg to Sg. Ratios of Pg to Sg 

ha\e been calculated for all the events and are shown 

in Table II. It has been found that a) Pg/Sg ^ 1 for 

earthquake, b) Pg/Sg > 1 for blast. For example, 

Pg/Sg - 1.71 for the event of Mar. 28, 1970, 07 38 . 

Seismicity of New Madrid Zone. 

Prom the recording of Mar.-May, 1970, it has been found 

that in a month six events occurred. In the following 

table the number of events of a particular magnitude 

are shown: 

No. of events in three mo. mb 

2 2.4 

3 2.5 

3 2.8 

1                     3.0 

1 3.2 

2 3.5 
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The range of magnitudes In the present data set is 

too small to permit the determination of a meaningful slope 

for the log N vs mb curve. 

Conclusion. 

On the basis of the earthquakes occurring from 1962-69 

as reported by USCQS, it has been concluded that there are 

only five events per year in the Southeast Missouri area. 

However, this network recorded about six events per month 

during March-May, 1970. 

In view of this fact, though at present the results are 

not complete, it is anticipated that continued recording will 

result in a more accurate picture of seismicity. 
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Table 1-A 

Origin Time 
H M   S 

Epicentral Coordinates Focal Depth 
in Km Date 1970 Long, in Deg. 1 tf Lat. in Deg. Jl Remark 

March 18 22 42 31-39 90.13 35.93 X # 

27 03 44 29.Ob 89.48 36.55 11.88 « 

20 07 38 30.31 98.32 28.46 X « 

April 08 06 03 50.26 89-53 36.53 X « 

May 08 03 41 44.54 90.01 35.67 81.47 « 

08 59 46.94 89.89 35.98 X « 

10 29 48.63 88.43 35.92 X « 

22 03 52 33.79 90.02 36.06 X « 

23 50 37.69 89.63 36.16 11.22 « 

23 08 04 16.29 90.06 35.48 X « 

11 24 03.97 89.82 36.63 X « 

28 23 39 10.83 89.55 36.43 5.22 « 

30 05 02 58.75 89.05 37.04 150.86 « 

March 27 02 21 34.51 89.59 36.58 X # 

03 44 27.79 89.51 36.60 18.10 # 

28 07 38 29.47 95.82 30.77 X # 

April 11 00 59 55.62 89.61 36.26 X # 

14 04 39 10.76 89.44 36.33 11.83 # 

19 10 11 23.37 86.77 40.11 X # 

Vp - 6.1 km/sec X - Depth Imaginary 

Vs - 3.5 km/sec * - Three Station Data Technique 

# - Pour Station Data Technique 
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Table IB 

Origin Time 
H M    S 

Epicentral Coordinates Focal Depth 
1       in km Date 1970 Long, in Deg. W Lat. in Deg. ^ Remark 

March 18 22 42 31.38 90.21 35.93 X # 

28 02 21 34.91 89.58 36.58 X « 

03 44 29.07 89.49 36.57 11.44 « 

28 07 38 30.29 96.67 29.98 X « 

April 08 06 03 58.99 89.64 36.35 184.35 « 

11 00 59 55.54 89.40 36.65 X « 

14 04 39 13.44 89.41 36.42 X « 

May  08 03 41 58.44 90.02 35.57 81.08 * 

08 58 46.89 89.89 35.92 X « 

10 29 48.62 88.28 35.85 X « 

22 03 52 33.76 89.16 35.67 X « 

23 50 37.65 89.60 36.11 13.03 « 

23 08 04 16.28 90.08 35.35 X « 

11 23 58.84 90.39 35.84 X « 

28 23 39 10.71 89.51 36.41 17.12 « 

30 05 02 58.61 89.95 37.09 157.18 « 

March 27 02 21 35.05 89.58 36.57 X # 

03 44 28.48 89.50 36.59 14.34 # 

28 07 38 30.13 96.10 30.49 X # 

April 11 00 59 56.47 89.59 36.28 X # 

14 04 39 12.01 89.43 36.36 X # 

19 10 11 23.29 86.50 40.40 X # 
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Spatial DlstMbutlon of Pocl 

S . N Date 1970 
Origin Time-1- 
H M   S 

Focal Depth 
in km b 

May 22 23 50 37.65 13.03 2.8 

s2 May 28 23 39 10.71 17.12 2.4 

s 
■rf 

March 2? 03 44 29.07 11.44 3.5 

Dl May 08 03 41 58.44 81.08 3.2 

D2 April 08 06 03 58.99 184.35 2.7 

D3 May 30 05 02 58.61 157.18 2.8 

1 - Table I-B 

S*>*J 5»,      Ö,  Si    Sj 0,    h^s'e 

Fv^.it^ 
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Figure 11.4. Comparison of records from BILLIKEM and 
other small seismic sources of the Missouri area. 
a) (top) BILLIKEN record at DeSoto, Missouri, 
b) (middle) strip mine explosion, also recorded 

at DeSoto. 
c) (bottom) small local earthquake recorded near 

Poplar Bluff. 

(After St«uder,W.et,al.i96U) 
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